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INFLUENCE OF GROUND MOTION PARAMETERS ON DISPLACEMENT 
DEMAND AND EVALUATION OF ANALYSIS PROCEDURES FOR RC 
FRAMES WITH FRICTION DAMPER 
SUMMARY 
In this thesis, the performance and response of RC frames retrofitted by friction 
damped braces is evaluated considering three main objectives. The first objective is 
the influence of ground motion parameters on the behavior of RC frames with 
friction dampers. Secondly, analysis methods in FEMA-356 and FEMA-440 for 
these systems are compared. Furthermore, the analysis methods in the Turkish 
Earthquake Code (2007), which is preceded by The FEMA-356, are also evaluated. 
Finally, the effectiveness of the friction dampers in reducing damage in structures is 
investigated considering the properties of the system and friction dampers.   
Q-hyst model is considered for nonlinear dynamic response of reinforced concrete 
element  while an elasto-plastic model is used to represent that of the damper brace 
in this study. Post-yielding to elastic stiffness ratio for bare frame is considered as 
0.15. In addition, the strength and stiffness degradation and second-order effects are 
not taken into account. Algorithm was developed to conduct numerous nonlinear 
time history analyses of the combined system. 
The first objective of the thesis is to reveal the correlation of 22 ground motion 
parameters with the peak displacement of reinforced concrete frame including 
friction damper using 260 earthquake records. Comprehensive study is conducted for 
720 SDOF systems formed by the followings: 
 9 initial periods for bare frame  
 4 strength ratios for bare frame,  
 4 stiffness ratio for brace stiffness  
 5 slip ratios for friction device 
From conducting 187200 nonlinear time history analyses for SDOF systems, the 
most effective ground motion parameter for the range defined by structural properties 
and stiff /soft soil profile is given. Different parameters play role in peak 
displacement demand according to ranges formed by bare frame period, Tf and 
strength ratio of total system at slip displacement, Rd and soil profiles. For stiff soil, 
Sa, PGA, EPA, MIV and PGV correlates better with peak displacement demand 
while the correlation of Sa, PGA, EPA, AI, A95 and EPV with peak displacement 
demand is high for soft soil profile. Furthermore, influence of duration of ground 
motion effects on behavior of system is not observed. 
The nonlinear methods published in the ATC-40 (ATC 1996) report, FEMA-356 
(ASCE 2000) and the predecessor FEMA-273 (BSSC 1997) documents have 
provided efficient and transparent tools for predicting seismic behavior of structures. 
Comparison of nonlinear static procedure (NSP) and nonlinear dynamic procedure 
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(NDP) in FEMA-440 and FEMA-356 is the second objective of this report since 
these two methods are allowed to be used for buildings including dissipative devices 
without restrictions. The reliability of nonlinear static method is investigated either 
by investigating modification coefficient C1 in the method or by comparing the result 
of NDP for 360 SDOF systems and two soil profiles. 
Three sets of earthquake ensembles for each stiff and soft soil profile are used to 
observe properties of distance and soil profile on the results. According to each soil 
profile and set of earthquake, final earthquake records are selected from 260 ground 
motions minimizing the difference between average and design spectrum to avoid 
motions which require unacceptably large scaling factors. Following results of the 
investigation are obtained: 
 Inelastic displacement ratio (C1) increases with strength ratio of total system 
at slip displacement, Rd and decreases for larger effective period, Te under the 
same condition.  
 Higher brace stiffness causes larger C1 for the systems having the almost 
same value of Te and Rd. NSP methods in FEMA-356 and FEMA-440 
underestimate the peak displacements compared to the result of NDP. 
 The value of displacements obtained by NSP in FEMA-440 is greater than 
those in FEMA-356 especially for soft soil profile and Rd>4.  
 The ratio of displacement obtained by NDP to displacement obtained by NSP 
gets the greatest values for the cases of high brace stiffness and low Te.  
In addition to this investigation, evaluation and comparison of nonlinear static 
procedure (NSP) in Turkish Earthquake Code (2007) is made with the results of 
nonlinear dynamic method. A set of earthquake ensemble for each stiff and soft soil 
profile is used for nonlinear dynamic analyses. Turkish Earthquake Code uses 
spectral displacement ratio, CR1 to obtain inelastic displacement while FEMAs use 
the coefficient C1 for te same purpose. Although there is a upper limit for inelastic 
displacement ratio in FEMAs, no limit is applied for spectral displacement ratio, CR1. 
The ratio, NDP/NSP increases as the fundamental period increases under the same 
condition while this case is opposite for FEMAs. The maximum value of the ratio 
NDP/NSP is 2-2.5 for Turkish Earthquake Code.  On the other hand, the maximum 
value of the ratio NDP/NSP is 9-10 for FEMAs. The peak displacement estimation of 
the NSP method in Turkish Earthquake Code  is greater than the peak displacement 
obtained by the NDP method for Rd<4.  
The demand obtained by NDP may not be evaluated as exact result since the scaling 
of records may be hard to achieve acceptable results obtained from earthquakes 
having different spectrum.  
Three MDOF frames retrofitted by friction damper are used as examples in the 
evaluation of these findings for two objectives of SDOF systems. 
Comprehensive nonlinear time history analyses are conducted as the third objective 
of the thesis to select brace stiffness and slip displacement level for SDOF reinforced 
concrete frames having different period and strength ratio providing immediate 
occupancy performance level for the retrofitted systems. Peak displacement and peak 
base shear are selected as performance criteria for SDOF RC frame with friction 
damped bracing.  The earthquake records are taken at stations whose closest 
distances are less than 15km to the fault for stiff and soft profile and the average 
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peak ground acceleration of 20 unscaled earthquakes for each profile is 0.35g. It is 
observed that high brace stiffness causes greater decrement in displacement demand 
under the same slip load level. Lower slip load level is required to obtain 
performance objective for strength ratio of bare frame Rf=6 compared to the case of 
Rf=8. For period of bare frame higher than 0.5s, required slip load level decreases for 
stiff soil profile while almost same load level is required for soft soil profile. 
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SÜRTÜNME SÖNÜMLEYİCİLİ BETONARME ÇERÇEVELERDE YER 
HAREKETİ PARAMERELERİNİN YERDEĞİŞTİRME TALEBİNE ETKİSİ 
VE ANALİZ YÖNTEMLERİNİN DEĞERLENDİRİLMESİ  
ÖZET 
Bu tezde, sürtünme sönümlü elemanlarla güçlendirilmiş betonarme çerçevelerin 
davranış ve performansı üç açıdan değerlendirilmiştir. İlk olarak, yer hareketi 
parametrelerinin sistemin yatay yer değiştirmesine etkisi irdelenmiştir. İkinci olarak, 
bu sistemler için FEMA-356 ve FEMA-440’taki analiz yöntemleri karşılaştırılarak 
değerlendirilmiştir. Ayrıca Türkiye Deprem Yönetmeliği (2007)’deki FEMA-356’nın 
öncülüğündeki analiz yöntemleri de değerlendirilmiştir. Son olarak da, yapıdaki 
hasarı azaltmada sürtünme sönümlü elemanlarının etkisi sönümleyici ve mevcut 
sistem özellikleri göz önüne alınarak irdelenmiştir. 
Betonarme elemanının doğrusal olmayan davranışı için Q-hyst modellenirken, 
elasto-plastik model sönümleyici elemanlar için kullanılmıştır. Mevcut çerçevenin 
akma sonrası rijitliğinin elastik rijitliğe oranı 0.15 alınmıştır. Dayanım ve rijitlik 
azalımı ve ikinci derece etkiler düşünülmemiştir. Güçlendirilmiş sistemin sayısız 
doğrusal olmayan dinamik analizini yapmak üzere algoritma geliştirilmiştir.  
Tezin ilk hedeflerinden biri 260 deprem kaydı kullanarak 22 yer hareketi ile ilgili 
parametrenin, sürtünme sönümlü elemanların kullanıldığı betonarme çerçevenin 
maksimum deplasmanı ile ilişkisini ortaya çıkarmaktır.  Aşağıdaki bileşenlerden 
oluşan 720 tek serbestlikli dereceli sistem için kapsamlı bir çalışma yapılmıştır: 
- 9 adet mevcut yapı periyodu 
- 4 adet mevcut yapının dayanım oranı 
- 4 adet sürtünme sönümlü eleman rijitliği 
- 4 adet sürtünme kuvvetinin aktive olduğu deplasman oranı 
Tek serbestlik dereceli sistemler için yapılan 187200 adet doğrusal olmayan dinamik 
analizden gevşek ve sert zemin profili ve yapısal özelliklerle belirlenen sınıf 
aralıklarına yönelik en etkin deprem parametresi verilmektedir. Elastik olmayan 
maksimum deplasman talebinde mevcut yapı periyodu, Tf  ve toplam sistemin kayma 
deplasmanındaki dayanım oranı, Rd ve zemin koşullarına göre farklı parametreler rol 
oynamaktadır. Sert zemin koşulları için, Sa, PGA, EPA, MIV ve PGV’nin maksimum 
deplasman talebindeki korelasyonu yüksek iken; Sa, PGA, EPA, AI, A95 ve EPV 
gevşek zemin koşulları için korelasyonu yüksek olmaktadır. Bunun yanı sıra deprem 
süresinin sistem davranışına etkisi gözlemlenmemiştir. 
ATC-40, FEMA-356 ve temelini oluşturan FEMA-273 dökümanları yapıların sismik 
davranışını tahmin etmede etkili ve anlaşılabilir araçlar sağlamıştır. FEMA-356 ve 
FEMA-440’daki doğrusal olmayan statik ve dinamik yöntemlerin karşılaştırılması bu 
tezin ikincil amacıdır. Bunun sebebi ise bu iki yöntemin sönümleyici aletler 
barındıran yapılar için kullanılabilmesinde bir kısıtlama olmamasıdır. Doğrusal 
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olmayan statik yöntemin güvenilirliği hem bu  yöntemdeki modifikasyon katsayısı 
C1’in incelenmesiyle hem de 360 adet tek serbestlik dereceli sistem ve iki farklı 
zemin profili için yapılan doğrusal olmayan dinamik yöntem sonuçlarıyla 
karşılaştırılarak araştırılmıştır. 
Zemin profili ve depremin uzaklık etkisini incelemek amacıyla netice deprem 
kayıtları, büyük ölçü faktörlerine ihtiyaç duyan yer hareketlerinden kaçınmak için 
tasarım ve ortalama spektrum arasındaki farkları minimize ederek 260 deprem 
arasından seçilmiştir. İnceleme neticesinde aşağıdaki sonuçlar elde edilmiştir: 
 Aynı şartlar altında, elastik olmayan deplasman oranı C1, kayma 
deplasmanındaki toplam sistemin dayanım oranı, Rd ile artarken efektif 
periyodun Te’nin büyük değerleri için azalmaktadır. 
 Sönüm elemanının rijitlik değerinin yüksek olması, aynı Te ve Rd değerleri 
için daha büyük C1’e sebep olmaktadır. Bu sonuç doğrusal olmayan statik ve 
dinamik sonuçlarının karşılaştırılmasında da gözlemlenmiştir. Çünkü aynı 
koşullar altında sönüm elemanının rijitlik değerinin daha büyük olduğu 
durumlarda doğrusal olmayan dinamik deplasmanının statik deplasmana 
oranı en büyük değerleri almaktadır.  
 FEMA-356 ve FEMA-440’daki doğrusal olmayan statik yöntemler, dinamik 
yöntemlerle karşılaştırıldığında maksimum deplasmanı daha az tahmin 
etmektedir. 
 Özellikle gevşek zemin profili ve Rd>4 olduğu durumlar için FEMA-440daki 
doğrusal olmayan yöntemlerle elde edilen maksimum deplasmanı değeri 
FEMA-356’ya göre elde edilenlerden büyüktür. 
Bu araştırmaya ek olarak Türkiye Deprem Yönetmeliği (2007)’deki doğrusal 
olmayan statik yöntemin değerlendirilmesi ve karşılaştırılması lineer olmayan 
dinamik yöntemin sonuçlarıyla yapılmıştır. Dinamik olmayan analiz için sıkı ve 
gevşek zemin için  birer set deprem kaydı kullanılmıştır. Türkiye Deprem 
Yönetmeliği (2007) spektral yer değiştirme oranı olan CR1 katsayısını elastik 
olmayan yer değiştirmeyi elde etmek için kullanmakta iken aynı amaç için FEMA-
356 ve FEMA-440 C1 katsayısını kullanmaktadırlar.  FEMA’da bu katsayı için bir 
ğst limit mevcut iken CR1 için bir limit sözkonusu değildir. NDP/NSP oranı period ile 
artarken, FEMA’da bu durum tam tersidir. Türkiye Deprem Yönetmeliği için 
NDP/NSP oranının maksimum değeri 2-2.5 arasındadır. Diğer taraftan, FEMA için   
bu değer 9-10 civarındadır. Türkiye Deprem Yönetmeliği’nde doğrusal olmayan 
statik yöntemle tahmin edilen maksimum yer değiştirme değeri, Rd<4 için doğrusal 
olmayan dinamik yöntemle bulunandan daha büyüktür. 
Farklı spektrumlara sahip depremlerden makul sonuçlar elde edebilmek için 
kayıtların ölçeklendirilmesi zor olabileceğinden, doğrusal olmayan dinamik 
yöntemle bulunan talep kesin sonuç olarak değerlendirilmeyebilir. 
Tek serbestlik dereceli sistemler için elde edilen sonuçların değerlendirilmesinde 
örnek olarak sürtünmeli sönümleyici elemanlarla güçlendirilmiş üç adet çok katlı 
yapı kullanılmıştır. 
Tezin diğer bir amacı da, tek serbestlik dereceli betonarme sistemlerde “hemen 
kullanım” performans seviyesi için sürtünmeli sönüm elemanının rijitliği ve kayma 
deplasman seviyesini seçmektir. Bunun için kapsamlı doğrusal olmayan hesap 
gerçekleştirilmiştir. Maksimum deplasman ve taban kesme kuvveti performans 
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kriteri olarak seçilmiştir. Gevşek ve sert zemin profili için faya en fazla 15km 
mesafedeki ortalama ivmesi 0.35g olan deprem kayıtları kullanılmıştır. Aynı kayma 
yük seviyesinde, rijitliğin büyük olması deplasman talebindeki daha büyük azalmaya 
sebep olduğu gözlemlenmiştir. Mevcut çerçevenin dayanım oranı Rf=8’e göre Rf=6 
için daha düşük kaymaya sebep olacak yük seviyesi gerekmektedir. Periyotu 
0.5s’den yüksek mevcut çerçevenin, kayma yük seviyesi sert zemin için azalırken 
gevşek zemin için hemen hemen aynı kalmaktadır. 
  xxvi
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1. INTRODUCTION 
The objective of this thesis is to evaluate the performance and response of RC frames 
retrofitted by friction damped braces. The evaluation is made considering three main 
aspects. The first aspect is the influence of ground motion parameters on the 
behavior of RC frames with friction dampers.  Secondly, analysis methods in FEMA-
356 (2000) and FEMA-440 (2005) for these systems are compared and evaluated. 
Furthermore, the analysis methods in the Turkish Earthquake Code (2007), which is 
preceded by the FEMA-356, are also evaluated. Finally, the effectiveness of the 
friction dampers in reducing damage in structures is investigated considering the 
properties of the system and friction dampers.   
In recent years, researches have modified of masses, stiffness or damping in 
structures to control the vibration of them instead of using traditional method which 
is to provide dissipation of earthquake-induced energy by the inelastic response of 
the structural members. Damage due to this yielding action is usually repaired 
expensively or may be so serious that demolishing of building must be required. 
Here damping due to friction is considered as an energy dissipation method due to 
the following advantages: 
 Friction devices are generally capable of repeated cycles of displacement 
without loss of strength, stability or energy dissipation ability (Butterworth, 
1999a). 
 In general, since friction devices are fabricated from traditional materials, 
require little maintenance, their use in seismic design and retrofit applications 
appears to be very promising (Grigorian et al., 1993), (Martinez-Rueda, 
2002). 
 A structure with a friction damped brace system adds stiffness to the structure 
and when the slip load level of friction devices is exceeded, they slide and 
dissipate energy, much the same as yielding elements (Anderson et al., 1999).  
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 While the other braced system may not return to the initial zero deflection, it 
is quite likely to bring back to the original condition for friction damped ones 
(FitzGerald et al.,1989). 
New analysis procedures for structures having supplemental damping systems have 
been included in seismic design codes. The key reference for the analysis methods is 
FEMA-273, entitled Guidelines for the Seismic Rehabilitation of Buildings, and re-
published version of FEMA-273 is FEMA-356: a Prestandard and Commentary for 
the seismic Rehabilitation of Buildings. The limitations on the use of the linear 
procedures in FEMAs lead using of nonlinear procedures for seismic analysis of 
these systems. Therefore in this thesis, the evaluation of NSP (Nonlinear Static 
Procedure) and NDP (Nonlinear Dynamic Procedure) is made.  
Both dynamic effect and inelastic response are modeled in the NDP (Nonlinear 
Dynamic Procedure) permitted to be used for structures without any restrictions. So 
NDP is used for the evaluation of NSP in many studies and FEMA-440. In NDP, 
ground motion time histories appropriate to design hazard level are directly applied 
to the structure and the response of individual member shall be modeled considering 
their hysteresis. One of the most important issues is the selection of the design 
earthquake to conduct nonlinear dynamic analysis (Anderson and Bertero, 1987), 
(Kurama and Farrow, 2003) since the ground motions recorded at the same general 
area even resulting from the same earthquake may induce quite different response. 
For these reasons, influence of ground motion parameters on the behavior of RC 
frames including friction dampers becomes one of the objectives of the thesis. 
The effectiveness of the friction dampers in reducing damage in structures is based 
on earthquake hazard level, the properties of the system and friction dampers. For 
example, high slip load level to activate friction damper may be necessary to 
dissipate energy under some condition while it may increase base shear for low 
seismicity region or structures having high strength ratio. So, in addition to other 
objectives in this thesis, a comprehensive parametric study of single-degree-of-
freedom system with friction dampers is conducted to determine the possible benefits 
and to provide some general recommendation.  
The reasons of the selection subject of this thesis are explained briefly above. Section 
1.2 gives the organization and contents of thesis after the introducing the previous 
research in Section 1.1. 
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1.1 Background 
Previous studies about three main objectives of thesis are introduced in this section. 
Section 1.1.1 gives the researches about earthquake characteristics or their influence 
on behavior of structures. Section 1.1.2 introduces the studies about the evaluation of 
analysis methods for structural systems.  The previous investigations on efficiency of 
dissipation devices are described in Section 1.1.3. 
1.1.1 Previous research about influence of earthquake characteristics on 
response of structures 
Nonlinear dynamic analysis is allowed to be used for seismic analysis of structures 
without any limitation. The method requires scaling of earthquake records to a 
specified hazard level. Recorded earthquakes shall have a magnitude, source 
characteristics, distance and site conditions that are equivalent to that of the ground 
shaking hazard at the building site. And the earthquake records should be scaled in 
the time domain to obtain the average value of scaled records which doesn’t fall 
below the site response spectrum for periods between 0.2 and 1.5 times fundamental 
period of the building. In the case of using three earthquake records for NDP, the 
maximum value of each response parameter shall be used to check the requirements 
for performance objective level while the average value of that shall be permitted to 
check them when seven or more records employed  
Recent research has demonstrated that this limitation about the selection is not 
enough and can cause a large scatter in seismic response. Therefore, some 
researchers have focused on selection and scaling of earthquake records or their 
characteristics in different manner. Naeim et al. (2004) presented a new approach for 
selection of a set of recorded earthquakes to match a given site-specific design 
spectrum with minimum alteration. The proposed method searched a set of thousands 
of earthquake records to obtain the desired 7 records by using a genetic algorithm. 
Alimoradi et al. (2004) used soft computing methods for this aim. After using 
optimization procedure, pattern recognition was performed in the database of records 
by  appliying fuzzy classification in order to extract rules that can be used in the 
search and scaling. In the evaluation of codes in selection earthquake records, 
Tremayne and Kelly, (2006) conducted nonlinear time history analyses on eight 
prototype buildings to compare New Zealand and United States scaling practice.  
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Selection procedure for earthquake records in codes based on matching design 
spectrum related to spectral response acceleration (Sa) is described above. However 
many researchers have indicated that better correlation of different earthquake 
parameters with peak seismic response can be obtained. These parameters are related 
to the energy content, duration, or peak values of the ground motion records. Kurama 
and Farrow, (2003) investigated the effectiveness of seven ground motion parameters 
based on peak value in reducing the scatter in estimated peak lateral displacement 
demands. Nonlinear single-degree-of-freedom (SDOF) systems and two multi-
degree-of-freedom systems were considered with different site condition and 
structural characteristics. Yield strength ratio, period and hysteretic behavior were 
taken as structural parameters. Each ground motion record was scaled to the 
arithmetic mean of each scaling parameter and nonlinear time history analyses were 
performed to observe the scatter in peak response of systems. According to the result, 
different scaling parameters work well with peak response related to site condition 
and structural parameters. In addition, it was concluded that scaling procedure based 
on MIV (Maximum Increamental Velocity) provides better results for wide range of 
site conditions and structural characteristics. Zhai and Xie (2007) took into account 
parameters based on peak value of ground motion, duration and hysteretic energy to 
investigate on the influence on three typical period ranges of structures.  According 
to the conclusion, the most unfavorable real seismic design ground motion parameter 
is related not only to the characteristics of ground motions, but also to both the 
structural dynamics characteristics and the structural damage mechanism. In 
addition, it was noted that the 1940 El Centro (NS) used widely for the seismic 
design is unsuitable to be seismic input for high seismic area.  
The current seismic design codes are predominantly independent of strong-motion 
duration. Duration is explicitly taken into account in the HAZUS methodology for 
earthquake loss estimation (Hancock and Bommer, 2007), (FEMA HAZUS-MH, 
2003). There have been also many studies reporting correlations between structural 
damage and the parameters related to duration of earthquakes. Bommer and 
Martinez-Pereira (1999) reviewed 30 different definitions of strong motion duration 
and classified into generic groups. After highlighting the problems that arise with the 
use of these definitions, a new definition of duration “Effective Duration” was 
presented. Iervolino et al., (2006) investigated effects of duration with respect to six 
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different damage indices ranging from displacement ductility to equivalent number 
of cycles for a number of single degree of freedom structures. Two duration 
definition proposed by (Trifunac and Brady, 1975) and (Trifunac and Brady, 1994) 
used. The structures were selected considering 4 oscillation periods, 3 hysteretic 
behavior and 2 target ductility levels. The result showed that duration of ground 
motion is statistically insignificant to displacement and cyclic ductility. Hancock and 
Bommer (2007) used both relative (5-95 significant duration) and absolute (0.1g 
uniform duration) definitions to determine the influence of ground motion duration 
on different damage measures. According to the comparison of the correlation 
between the duration of the ground motion and different damage measures, no 
influence on damage measures using peak response was observed. However, the 
correlation exist between duration and cumulative damage measures, such as 
hysteretic energy and fatigue damage. 
Some other researches have investigated the correlation between ground motion 
parameters and response of system in different manner. Elenas (2000) considered 16 
seismic parameters based on peak values, duration and energy content of earthquakes 
to investigate their effect on structural damage. Several structural damage indices are 
selected to represent the structural response of designed eight-story reinforced 
concrete frame structure. Among the examined parameters, spectral acceleration and 
HUSID diagram provides good estimation of the overall structural damage indices. 
Cosenza and Manfredi (2000) studied the subject by taking into account linear and 
nonlinear response of SDOF system using peak and integral parameters of ground 
motion.  Lestuzzi et al. (2004) used a database of 164 recorded time histories to 
observe the correlation of 10 earthquakes parameters with displacement and ductility 
demand. Eight different initial periods and six hysteretic models were used to define 
SDOF system. Danciu and Tselentis (2007) used regression analysis methodologies 
to measure the earthquake intensity using ten ground-motion parameters. Magnitude, 
site condition, travel path, epicenter and closest distance to the fault represent 
earthquake intensity. Yamaguchi and El-Abd (2003) studied the performance 
evaluation of the hysteretic damper by analyzing a ten-story building model 
subjected to several earthquake records. It was found that maximum energy input, 
energy-based effective duration and earthquake dominant period affect the damper 
efficiency.  
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In past studies, ground motion characteristics have been taken into account 
differently as mentioned above. Apart from these investigations, this thesis aims to 
reveal the correlation of 22 ground motion parameters with the peak response of 
reinforced concrete frame including friction damper using 260 earthquake records. 
Comprehensive study is conducted for 720 SDOF systems formed by the followings: 
 9 initial periods for bare frame  
 4 strength ratios for bare frame,  
 4 stiffness ratios for friction stiffness  
 5 slip ratios for friction device 
Apart from conducting 187200 nonlinear time history analyses for SDOF systems, 
three MDOF frames retrofitted by friction damper are used as examples in the 
evaluation of these findings for SDOF systems. The most effective ground motion 
parameter for the range defined by structural properties for stiff and soft soil profile 
is given according to the obtained result. 
1.1.2 Previous research about evaluation of nonlinear analysis procedures for 
seismic response of structures 
The nonlinear methods published in the ATC-40 (ATC 1996) report, FEMA-356 
(ASCE 2000) and the predecessor FEMA-273 (BSSC 1997) documents have 
provided efficient and transparent tools for predicting seismic behavior of structures. 
Nonlinear methods are classified as static and dynamic nonlinear procedures.   
Nonlinear static analysis procedures in both the ATC-40 and FEMA-356 documents 
predict the inelastic force-deformation behavior of the structure that is generated 
from pushover analysis. The FEMA-356 document describes the displacement 
coefficient method, whereby nonlinear response is calculated by modifying elastic 
displacement demand using coefficients. Different from the FEMA-356, ATC-40 
uses the capacity spectrum method, in which the energy dissipation due to yielding is 
converted to equivalent viscous damping using an iterative procedure. The nonlinear 
response of the system is obtained through an equivalent linear oscillator by 
elongating the period and equivalent viscous damping.  
Recent researches have reported that unsafe peak displacement predictions based on 
nonlinear static procedure in both FEMA-356 and ATC-40 with respect to the 
 7
nonlinear dynamic procedure results.  Whittaker et al. (1999) addressed two 
coefficients in FEMA-273, C1 and C2, and investigated the values assigned by 
analysis and interpretation of the data in Tsopelas et al. (1997) and Shi and Foutch 
(1997). For elastic period less than characteristic site period, it was concluded that C1 
(inelastic displacement ratio) should be increased to 3 instead of 1.5. Akkar and 
Miranda (2003) used 100 earthquake records for 1800 different SDOF systems 
formed by 50 periods, 9 strength ratio levels and 4 hysteretic behaviors to evaluate 
the accuracy of the simple approximate method described in ATC-40.  Kalkan and 
Kunnath (2007) examined the ability of four different types of nonlinear static 
procedures to predict seismic demands. Modified pushover analysis developed by 
(Chopra et al., 2004), upper-bound pushover analysis proposed by (Jan et al., 2004), 
adaptive modal combination developed by (Kalkan and Kunnath, 2006) have been 
considered to overcome many drawbacks of the method in FEMA-356. From a 
comprehensive set of NTH analyses, the effectiveness of these NSPs in predicting 
the response of typical steel and reinforced concrete buildings was investigated. 
In 2005, Applied Technology Council commenced a project (ATC-55) to evaluate 
NSPs, as described in ATC-40 and FEMA-356 and to develop improvements.  The 
FEMA-440 document, the final and principal product of the ATC-55 project, 
presents the updated version of displacement coefficient method (DCM) and capacity 
spectrum method (CSM). SDOF systems with initial periods between 0,05s and 3.0s 
with 4 different hysteresis types and 9 strength ratio levels were used for the 
evaluation. Mattman and Elwood (2006) investigated the response of 1800 SDOF 
systems used in FEMA-440 subjected to 48 ground motion records. The results 
showed that the C1 coefficient in FEMA-440 underestimates the response especially 
for periods shorter than 1.0. Akkar and Metin (2007) evaluated nonlinear static 
procedures in FEMA-440 for nondegrading three- to nine story reinforced concrete 
moment-resisting frame systems using 78 stiff soil near-fault records. The statistics 
presented indicate that the accuracy of NSPs is sensitive to the changes in the lateral 
strength capacity, ductility demand, and post yield stiffness.  
The NSP in FEMA-356 for the structures with friction dissipation devices is the 
same as for structures without devices. The only difference is the reduction in 
effective period provided by the increase in building stiffness since added damping 
afforded by the devices is not account. Williams and Albermani, (2003) reported the 
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evaluation of NSPs in FEMA-356, ATC-40 and Eurocode8 for 3-, 6- and 10-storey 
frames incorporating passive dissipative devices. According to the results of 30 time 
history analyses, the FEMA-356 approach appears to offer the most accurate 
estimate of seismic performance, with the exception of the inter-storey drift 
distribution. It was stated that the reason of this poor estimation was using of fixed, 
single load patterns for seismic load distribution in pushover methods. Navarro and 
Jara (2006) performed a parametric study to determine the importance of the strength 
and stiffness degradation in reinforced concrete structures with metallic energy 
dissipation devices. Pushover and time history analyses were conducted and the 
results showed that these degradation types are more relevant when the fundamental 
period of model is close to the predominant period of the ground motion. 
The reliability of nonlinear static method has been presented in the previous 
researches either by investigating modification coefficients in the method or 
conducting parametrical studies mostly for regular building. This thesis presents both 
observations on the procedure in FEMA-440 and FEMA-356 for SDOF reinforced 
concrete frame incorporating friction damped bracing. Three sets of earthquake 
ensembles for each stiff and soft soil profile are used to observe properties of 
distance and soil profile on the results. According to each soil profile and set of 
earthquake, final earthquake records are selected from 260 ground motions 
minimizing the difference between average and design spectrum to avoid motions 
which require unacceptably large scaling factors. Three MDOF frames retrofitted by 
friction damper are used as examples in the evaluation of these findings for SDOF 
systems. 
1.1.3 Previous research about on efficiency of dissipation devices 
A number of studies toward deriving a reasonable criterion for optimal design of 
frames with supplemental dampers have been reported. Some of them defined 
performance indexes which evaluate the performance of the system as the ratio of 
suitable parameters calculated for the damped brace frame to that for the unbraced 
frame. The others use the acceptability limits for the structural response as 
performance criteria to select appropriate damper properties.  
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Filiatrault and Cherry (1990) proposed “Relative performance index, RPI” related to 
the energy area and the maximum energy. RPI less than one indicates the smaller 
response for friction-damped structure compared to that for unbraced structure. 
Wanitkorkul et al. (2003) used the difference between the seismic input energy ratio 
and the frictionally dissipated energy ratio as a performance index. This index 
indicates the amount of energy available to cause damage to the structural elements 
so it identifies the optimum properties of the friction dampers. Dependency on the 
characteristics of ground motion for the performance index is reported in this article. 
Antonucci et al. (2004) carried out the optimization through nonlinear dynamic 
analyses for RC frame with dissipative bracings. Besides some structural response 
parameters, the ratio of dissipated energy to input energy is used as performance 
criteria. 
Grigorian and Popov (1994) pointed out that the use of the ratio of dissipated energy 
to input energy as a performance indicator causes misleading about the performance. 
For example, a structure experiencing a long-duration excitation of intensity small 
enough, relative to the friction damper, not to cause slip in the damper causes a large 
input energy while dissipated energy remains zero. On the other hand greater 
excitation would causes high dissipation and high ratio of dissipated energy to input 
energy for the same friction damped system. 
Kasai and et al. (1998), Fu and Kasai (1998), Kasai and Kiyabashi (2004) have used 
two indicators which are the acceleration reduction and displacement reduction. 
These quantities are defined the ratio of spectral values for equivalent linearized 
damped system to that for bare frame. The optimum design was considered as the 
point on the acceleration-displacement reduction plot that is closest to the origin. 
Belev (2000) added the term which is normalized damper strength to represent 
economical situation. The minimum value of the square root of these three terms is 
used for the determination of the optimal design. 
Filiatrault et al. (2001) examined the performance of the friction damped six-story 
building  under severe ground motion condition. To evaluate the seismic 
performance, peak interstory drifts and peak absolute floor accelerations are used. 
In this thesis, the selection of brace stiffness and slip displacement level for SDOF 
RC frames having different period and strength ratio is made considering the peak 
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response values obtained from comprehensive nonlinear time history analyses. 
Immediate occupancy level is considered as a performance level. Forty earthquake 
records are taken at stations whose closest distances are less than 15km to the fault 
for stiff and soft soil profile.  
1.2 Organization and Contents of Thesis 
This thesis consists of ten chapters providing the information necessary to explain 
the aim and investigation. 
This first chapter deals with the reasons of the selecting subject of this thesis 
presenting previous research about it.  
Chapter 2 states advantages and types of friction devices after giving a brief review 
of passive control systems. 
Chapter 3 describes modeling of nonlinear response of reinforced concrete system 
including friction damping device. Besides, since Q-hyst model for behavior 
reinforced concrete systems is used, the rule of this model is given. 
The analysis methods in FEMA 356 are summarized and nonlinear analysis ones are 
given in detail in Chapter 4. The improved version of the displacement coefficient 
method in FEMA 440 (ATC 2005) report is described. In addition, nonlinear 
methods in Turkish Earthquake Code are briefly summarized in the last part of this 
section. 
Chapter 5 defines 22 ground motion parameters from literature used in this thesis to 
investigate the correlation between the maximum displacement demand and the 
parameters for friction damped systems. 
Chapter 6 presents the correlation between ground motion parameters and 
displacement demand for SDOF reinforced concrete frames with friction damped 
braces. The aim is to determine which earthquake parameters to be considered as the 
measures of severity of ground motions for these systems. To represent a wide range 
of systems and ground motions, 260 earthquake records and 720 systems are used 
and their properties are given. Then the correlation coefficients between these 
structural and ground motion parameters obtained by conducting nonlinear time 
history analyses are presented for each stiff and soft soil profile. Finally, the most 
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effective earthquake parameter for each soil profile and system property is 
graphically illustrated.  
Chapter 7 presents the comparison of Nonlinear Static Procedures (NSP) and 
Nonlinear Dynamic Procedures (NDP) in the FEMA-356, the FEMA-440 and 
Turkish Earthquake Code (2007) for SDOF RC frame with friction damper. First of 
all, the range of structural parameters used for this investigation is given. Then it 
addresses the study on the inelastic displacement ratio, C1 used in NSPs to make 
better evaluation of the comparison of the methods. The observation obtained from 
the comparison is given.  
The effectiveness of the friction dampers in reducing damage in structures is 
investigated considering the properties of the system and friction dampers in Chapter 
8. Peak values of story drifts and base shears resulting from comprehensive time 
history analyses are presented for the evaluation of the performance of SDOF friction 
damped bracing system.  
In Chapter 9, three MDOF frames retrofitted by friction damper are used as examples 
in the evaluation of the findings for SDOF systems in Chapter 6 and Chapter 7. 
Finally, the tenth chapter contains the conclusion of this thesis and some proposals 
for future research. 
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2. SEISMIC PROTECTIVE SYSTEMS 
The traditional approach to earthquake resistant design is to provide dissipation of 
earthquake-induced energy by the inelastic response of the structural members. 
Damage due to this yielding action is usually repaired expensively or may be so 
serious that demolishing of building must be required. 
In recent years, researches have shown that modification of masses, stiffness or 
damping in structures may control the vibration of them. Based on this concept, 
innovative protection systems have been developed and used in practice. Most 
common control systems can be divided into four groups: passive, active, hybrid and 
semi-active control systems (Di Sarno and Elnashai, 2005). Characteristics of these 
systems are summarized hereafter. 
 Passive control systems: Such system does not require an external power source 
for operation and the controlling effect is realized by utilizing the motion of the 
structure. 
 Active control systems: Unlike devices for passive control, these systems require 
external energy which supply control forces to the structure. Control forces are 
developed based on feedback from sensors that measure the structural response 
(Symans and Constantinou, 1999). 
 Hybrid control systems: These systems represent a combination of active and 
passive control systems, in which energy supply is used to enhance the damping 
effect of passive systems (Kitagawa and Midorikawa, 1998). 
 Semi-active control systems: These systems require lower external energy 
sources which can not add mechanical energy directly to the structure but rather 
to change the dynamic characteristics of the structure (Rakicevic and Jurukovski, 
2001).   
This part focuses only on passive devices, such as base isolation and supplemental 
damping devices. While passive control systems are reviewed briefly below, 
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advantages and types of friction devices are stated in Section 2.2 and Section 2.3 
since the main objective of this thesis is about reinforced concrete frames with 
friction devices. 
2.1 Base Isolation and Supplemental Damping Devices 
Seismic isolation and supplemental damping systems described below are retrofitting 
strategies to enhance earthquake performance in structures by reducing the demand 
on primary structural members. 
2.1.1 Seismic isolation systems 
The basic objective with seismic isolation is to increase the period of structure to 
reduce the base shear and dissipate an additional energy (Jangid, 2007). For this aim, 
horizontally flexible components but vertically stiff components are located at the 
base of a building (Figure 2.1). The superstructure behaves like a rigid body since 
most of displacement and yielding occurs over the height of the isolation devices. 
Reduction factor for drifts and accelerations may be 2-6 (Kelly, 1996). 
 
Figure 2.1 : Model of building on lead-rubber bearings, adapted from Jangid, (2007). 
There are two common types of seismic isolators according to the type of energy 
dissipation mechanism: 
 Elastometric bearings: consist of layers of rubber separated by steel shims, which 
constrain lateral deformation of the rubber. High energy dissipation in rubber 
bearings is achieved by elastomers manufactured with special fillers. 
 15
 Sliding bearings: friction is the main source of energy dissipation. Sliding 
devices are usually flat assemblies or have a curved surface such as friction- 
pendulum system. 
2.1.2 Supplemental damping systems 
Passive energy dissipation devices, cheaper than the base isolation (Chesca et al., 
2006), have been designed to provide 5% to 50% of critical damping for existing and 
new structures (Miyamoto and Hanson, 2004).  Supplemental energy dissipation 
devices can be grouped into two major categories as a function of force-displacement 
characteristics: velocity-dependent and displacement-dependent (hysteretic) 
dampers. Metallic yielding devices and friction devices are examples of hysteretic 
dampers while VE solids, viscous and VE fluids devices are categorized into 
velocity-dependent dampers.  
2.1.2.1 Hysteretic dampers 
Energy dissipation in hysteretic dampers is based on relative displacements within 
the device (Hanson and Soong, 2001). In general, hysteretic devices may be 
classified as either yielding or friction devices. 
Metallic dampers: These devices are based on the ability of mild steel or other metals 
to sustain many cycles of stable hysteretic yielding behavior to dissipate the input 
energy (Chaidez, 2003). A wide variety of different types of devices that utilize 
flexural, shear, or longitudinal deformation modes into the plastic range have been 
developed. For instance, the so-called '‘added damping and stiffness” (ADAS) 
device, consists of multiple X-steel plates of the shape shown in Figure 2.2, installed 
as illustrated in the same figure.  
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Figure 2.2 : ADAS element and installation detail, adapted from Martinez-Rueda (2002). 
 Friction dampers: Devices dissipating energy through Coulomb friction have 
hysteresis of the form shown in Figure 2.3. The stick slip motion between the 
moving surfaces produces the rectangular hysteresis under cyclic loading (Rao, 
1996). The coefficient of friction between the two materials and the normal force 
acting on the contact surface are the controlling factors.  
 
Figure 2.3 : Rectangular hysteresis loops for typical dry friction. 
2.1.2.2 Velocity-dependent dampers 
Solid viscoelastic materials and viscous fluids show velocity dependence. 
Viscoelastic dampers consist of layers of viscoelastic material sandwiched between 
plates and configured to deform in shear as shown in Figure 2.4. Their response 
depend on frequency, temperature and amplitude of motion. 
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Figure 2.4 : A viscoelastic damper, adapted from Rao (1996). 
Constantinou and Symans (1993) investigated the use of fluid dampers for seismic 
response mitigation. The devices operate on the principle of fluid flow through 
orifices specially shaped so as to produce damping forces proportional to the velocity 
(Figure 2.5).  
 
Figure 2.5 : Construction of fluid viscous damper, adapted from Rao (1996). 
Both fluid and solid viscoelastic dampers operate on the same principle of 
deformation. However, under static conditions the effective stiffness of fluid 
viscoelastic devices is zero. The ratio of loss stiffness to the effective stiffness 
approaches infinity for fluid devices and zero for solid viscoelatic devices while the 
loading frequency approaches zero (Whittaker and Constantinou, 2004). 
2.2 Advantages of Friction Dampers  
Unlike viscous dampers, the performance of friction dampers is independent of 
temperature and velocity. The energy dissipated by friction dampers is the largest of 
all other damping devices (Figure 2.6), (Kikites et al., 2004). 
Center Plate
Viscoelastic 
Material 
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Figure 2.6 : Comparison of hysteretic loops, adapted from Kikites et al. (2004). 
Friction devices are generally capable of repeated cycles of displacement without 
loss of strength, stability or energy dissipation ability (Butterworth, 1999a). 
In general, since friction devices are fabricated from traditional materials, require 
little maintenance, their use in seismic design and retrofit applications appears to be 
very promising (Grigorian et al., 1993), (Martinez-Rueda, 2002). 
A structure with a friction damped brace system adds stiffness to the structure and 
when the slip load level of friction devices is exceeded, they slide and dissipate 
energy, much the same as yielding elements (Anderson et al., 1999). While the other 
braced system may not return to the initial zero deflection, it is quite likely to bring 
back to the original condition for friction damped ones (FitzGerald et al., 1989). 
2.3 Types of Friction Devices and Structural Implementations 
In recent years, there have been some structural applications of friction dissipaters 
aimed to provide an extra protection to new and retrofitted buildings. The following 
part will describe most of the proposed types of dissipaters, and their applications. 
2.3.1 Devices attached to wall elements 
Tyler (1977) proposed a method to reduce damage in infill panels shown in Figure 
2.7 (Martinez-Rueda, 2002). Infill panels and frame members are joined by sliding 
elements of polytetrafluoroetylene.  The infill panels take load when the joints slip 
due to the slip load.  
 
 
 
Pall friction damper Viscous damper Viscoelastic damper Self-centering friction-damper 
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Figure 2.7 : PTFE sliding elements, adapted from Taylor (1977). 
Pall (1980) developed friction devices for precast and cast-in-place concrete walls. 
Possible locations and details of friction joints in shear walls are illustrated in Figure 
2.8. Heavy-duty brake lining pads (Ferrodo) inserted between sliding steel plates 
jointed by high-strength bolts constitute the slipping friction joints (Martinez-Rueda, 
2002).  
Rao (1996) propose a retrofit scheme shown in Figure 2.9 using slotted bolt friction 
dampers set in a masonry infill wall. The scheme involves constructing a masonry 
infill wall with gaps on the sides and top of the wall. A damper beam with slotted 
bolt friction dampers provides the force transformation from the frame columns to 
the wall. To avoid formation of moments into the damper beam, the connection 
between the damper beam and the columns is designed hinged. 
 
Figure 2.8 : Friction joints in concrete walls, adapted from Pall and Marsh, (1981). 
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Figure 2.9 : Retrofitting with masonry infill and damper, adapted from Rao (1996). 
2.3.2. Devices installed in bracing system 
Friction devices that are assembled in the intersection of steel bracing were 
developed. The friction devices proposed by Pall (1983) for tension-only and 
tension-compression bracing systems are shown in Figure 2.10 (Martinez-Rueda, 
2002).  
Baktash and Marsh (1986) proposed friction-damped braces connecting to the 
structure by bolting through steel gusset plates with slotted holes (Martinez-Rueda, 
2002). Brake lining pads are inserted at both sides of plates. Spring plates provide the 
pressure that affects the slip force in the friction joints.  
Slotted bolt connections as part of diagonal bracing elements shown in Figure 2.11 
and Figure 2.12 proposed by (Grigorian and Popov, 1994). Under repeated cyclic 
loading, it is observed that the response of connections with brass on steel frictional 
surfaces is more uniform and simpler to model than that with steel on steel surfaces. 
 21
 
Figure 2.10 : Friction devices for bracing systems, adapted from Martinez-Rueda (2002). 
 
Figure 2.11 : A bolted connection, adapted from Grigorian and Popov (1994). 
Diagonal brace, X-brace and chevron brace configurations have been used in almost 
all of applications. In each configuration, displacement of the energy dissipation 
devices is different for the same drift value of the story at which the devices are 
installed. Brace section should be selected to prevent yielding and buckling of the 
brace under slip load level and slotted plane must be long enough to accommodate 
displacement demand. 
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Figure 2.12 : The details of connection, adapted from Grigorian and Popov (1994). 
2.3.3 Dissipative struts 
Sumitomo device, a Japanese friction device, consists of friction pads that slide 
directly on the inner surface of a cylindrical steel casing (Martinez-Rueda, 2002). 
Aiken et al. (1993) reported testing of passive energy dissipation systems including 
Sumitomo device shown in Figure 2.13. This device like other friction devices 
showed regular and stable hysteretic behavior.  
Aiken et. al. (1992) also studied an energy-dissipating strut originally developed as a 
seismic restraint device for the support of piping systems (Martinez-Rueda, 2002). 
The mechanism of this device is sliding friction through a range of motion with a 
stop at the end of range (Figure 2.14). Its self-centering behavior provides reducing 
in permanent offsets due to the inelastic deformation of the structure (Martinez-
Rueda, 2002). 
Filiatrault et al. (2000) have proposed friction-based ring spring damper shown in 
Figure 2.15. This device consists of outer and inner rings that have tapered mating 
surface. The axial displacement is accompanied by sliding friction between the 
conical contact surfaces of the rings after loading. The assembly is retained at both 
ends by cylindrical cups (Martnez-Rueda 2002). This friction damper is designed to 
display a symmetrical flag-shaped hysteresis and it returns to original configuration 
after earthquake. 
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Figure 2.13 : Sectional view and installed model of sumimoto device, adapted from Aiken (1993). 
 
Figure 2.14 : Energy-dissipating strut, adapted from Martinez-Rueda (2002). 
end gap compression gap tension gap 
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Figure 2.15 : Friction spring details of damper, adapted from Filiatrault et al (2000). 
2.3.4 Some other friction devices 
A three stage friction-grip device for vibration control was proposed by Roik et. al. 
(1988) proposed. It is considered that the energy dissipation can be designed 
according to definable stages e.g. serviceability, medium and strong motion 
earthquakes by introducing the there stage friction grip elements. Furthermore, they 
stated that the there stage elements help reduce usual uncertainties associated with 
transition from sticking to slipping phase.  
Butterworth (1999b) proposed dual-level friction dissipating joints for moment-
resisting steel frames.  The cover plates are attached to the extra wide flange plates 
on either side of the beam by a proposed sliding rotating joint in which the beam 
flanges contain slotted holes. Making the top flange slip force higher than that of the 
bottom flange provides the dual slip level capability of the joint.  
Mualla  (2000) developed a novel friction damper device (FDD) which includes the 
central (vertical) plate, two side (horizontal) plates and two circular friction pad discs 
placed in between the steel plates as shown in Figure 2.16. The central plate is 
attached to the girder midspan in a frame structure by a hinge. The energy dissipation 
in the system is provided by the increment in the amount of relative rotation between 
the central and side plates (Mualla and Belev, 2002). The ends of the two side plates 
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are connected to the members of inverted V-brace consisting of pretensioned bars 
pin-connected at both ends to the damper and to the column. The pre-tensioned 
values are chosen as equal to the slip load level in order to avoid compression 
stresses and subsequent buckling (Nielsen and Mualla, 2002).  
 
 
Figure 2.16 : Components and principle of action of FDD, adapted from Mualla and Beley (2002). 
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3. THE MODELING OF NONLINEAR RESPONSE OF THE SYSTEM  
The model used in this thesis is a system with one dynamic degree of freedom where 
the lateral stiffness and strength is provided by a RC structure and a bracing-energy 
dissipating system. This section describes the behavior of friction damped RC 
structure after explaining dynamic model assumption of RC structure and friction 
damper. 
3.1 Hysteresis Modeling for Reinforced Concrete  
There are several analytical models proposed for reinforced concrete systems in the 
literature. (Saiidi, 1982) compared the dynamic response of a simple reinforced 
concrete specimen using five hysteresis models: The Takeda model initially 
proposed by (Takeda et al., 1970), elasto-plastic, bilinear, Clough and Q-hyst model 
which was proposed by (Saiidi and Sozen 1979). The results obtained by the Takeda 
model which is the most sophisticated one were used to evaluate the performance of 
the others. It was found that Q-hyst model (Figure 3.1) governed by only 4 rules 
resulted in a response history which was in excellent agreement with that obtained 
using the Takeda model.  
 
Figure 3.1 : Q-hyst model, adapted from Saiidi (1982). 
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Kf
Kq
xmax
f(t) 
x(t) 
xmax 
1
1
2
2 
3
3
4
4
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In Figure 3.1, Kf and Kfα are the initial and secondary stiffness and Kq indicates 
unloading stiffness. The numbers on each line segment represent the associated rule: 
Rule 1: Elastic loading and unloading curve. 
Rule 2: The post-yield envelope curve. 
Rule 3: Unloading from inelastic segment of the primary curve. The unloading 
stiffness Kq is obtained from the following equation (Saiidi, 1982): 
0.5
max
( )yq f
x
K K
x
  (3.1) 
and  
Rule 4: Reloading curves target the point corresponding to the absolute value of peak 
displacement xmaxfor both directions.   
Q-hyst model is considered for nonlinear dynamic response of reinforced concrete in 
this study. Since the strength and stiffness degradation and second-order effects are 
not taken into account in the concept of this thesis, the unloading stiffness Kq is taken 
as Kf and post-yielding to elastic stiffness ratio is considered as 0.15.  
q fK K  (3.2) 
0.15 f fK K   (3.3) 
3.2 Hysteresis Modeling for Friction Damped Bracings 
Energy dissipation is provided through friction between two solid bodies sliding 
relative to one another. Various materials have been used for the sliding surface such 
as steel on steel, steel on brass, brake pad material on steel and other metal alloys. 
Most of them are described in the previous chapter. 
Friction dampers have been commonly placed in different configured bracings 
(Figure 3.1). The same lateral load cause different force level in braces according to 
lateral stiffness due to their configuration. Friction dampers initially possess finite 
stiffness since they are mounted on braces. Under intense ground motion, force in 
damper greater than friction forces activates damper and slippage starts. When the 
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load is reversed, unloading stiffness is equal to lateral stiffness of bracings until 
reverse force exceeding friction force. This elasto-plastic hysteretic behavior for 
friction damper is shown in Figure 3.3. In this figure, Kb is the lateral stiffness of 
friction damped bracing. 
 
Figure 3.2 : Possible configurations of braced frame model. 
 
Figure 3.3 : Response of friction damped bracing. 
3.3 Modeling of Total System 
Friction damped bracing and RC structure form the total system and previous 
sections describe the hysteretic behavior of them. 
The model of a SDOF friction damped RC system subjected to a ground acceleration 
ag(t) is illustrated in Figure 3.4. In this figure, M is the mass of the structure; the 
damping coefficient C represents inherent structural damping, x(t) is the relative 
mass displacement and ff(t) and fs(t) are the frame and added restoring force 
respectively. 
The governing equation of motion of this SDOF system can be expressed as  
( ) ( ) ( ) ( )gMx t Cx t f t Ma t      (3.4)
x(t) 
f(t)
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Figure 3.4 : SDOF model. 
For the friction damped system, nonlinear time history analyses were performed 
using the force displacement relationship shown in Figure 3.5. The force 
displacement relationships of the elements consist of those of bare frame and friction 
damper brace. While Ps and xs represent friction damper slip force and displacement, 
Py and xy represent frame yield force and displacement respectively. The summation 
of the frame and friction damper restoring force is the total system restoring force, 
f(t)=ff(t)+fs(t). Kf, Kfα and Kb are the initial and secondary stiffness of bare frame and 
added stiffness of friction damper brace. Damping coefficient C is determined by 
2 nC M  (3.5) 
Critical damping ratio ζ is assumed to be 5% and natural frequency of vibration ωn is 
calculated as 
n
n
k
M
   (3.5) 
The stiffness of total system kn changes during time history so damping coefficient C 
takes different values accordingly. 
An algorithm was developed to conduct nonlinear time history analyses of the 
combined system. Newmark -method  was used assuming that the acceleration is 
constant within each time interval, and the acceleration is equal to the average of the 
accelerations at the beginning and at the end of the time interval. The numerical 
solution proposed by (Hart and Wong, 2000) for response using Newmark -method 
is given in Appendix A. 
ag(t) 
x(t) 
M 
ff(t) 
C fs(t) 
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Figure 3.5 : Force-displacement relationship of the system with friction dissipation. 
The increment in numerical accuracy is obtained by reducing the integration time 
step. In this study, the data points of almost all earthquake records used are taken at 
equal time spacing of 0.005 sec.  
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4. THE METHODS OF SEISMIC ANALYSES FOR THE STRUCTURES 
WITH SUPPLEMENTAL DAMPERS 
Displacement-based seismic design is required increasingly in performance-based 
earthquake engineering since strong ground shaking is expected to deform structural 
system into inelastic range. The nonlinear methods published in the ATC-40 (ATC 
1996) report, FEMA-356 (ASCE 2000) and the predecessor FEMA-273 (BSSC 
1997) documents have provided efficient and transparent tools for predicting seismic 
behavior of structures.  
The significant new feature introduced in these documents is the selection of seismic 
performance objectives defined as desired building performance level for a given 
earthquake ground motion. Methods and acceptance criteria for three performance 
levels which are collapse prevention (CP), life safety (LS), and immediate occupancy 
(IO) are described (Ganzerli et al., 2000). The CP level is the damage state in which 
the structural system remains standing barely.  In the LS level, significant damage 
occurs but the structure remains stable. The structure is only slightly damaged and 
the capacities of force resisting systems have almost the same as pre-earthquake ones 
for IO level.  
The Guidelines make frequent reference to two hazard levels defined as a Basic Safety 
Earthquake 1 (BSE-1) and Basic Safety Earthquake 2 (BSE-2) (Pong, 2002). The BSE-1 
and BSE-2 has 10% and 2% probability of being exceeded within 50 years respectively. 
LS performance under BSE-1 and CP performance under BSE-2 shall be provided for 
the basis-safety objective (BSO). An enhanced objective in FEMA-356 is any objective 
providing performance superior to that of BSO. 
Nonlinear static analysis procedures in both the ATC-40 and FEMA-356 documents 
predict the inelastic force-deformation behavior of the structure that is generated 
from pushover analysis. The FEMA-356 document describes the displacement 
coefficient method, whereby nonlinear response is calculated by modifying elastic 
displacement demand. Different from the FEMA-356, ATC-40 uses the capacity 
spectrum method, in which the energy dissipation due to yielding is converted to 
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equivalent viscous damping using an iterative procedure. The nonlinear response of 
the system is obtained through an equivalent linear oscillator by elongating the 
period and equivalent viscous damping. 
 The documents mentioned in previous paragraph present analysis procedures for 
supplemental dampers. Nonlinear static procedures in ATC-40 requires the effort  to 
solve the target displacement by iteration and to calculate the equivalent damping 
due to inelastic action in the framing system and the added damping provided by the 
dampers since the friction dampers investigated here are categorized as displacement 
dependent devices  (Kelly, 2001). For this reason, the analysis methods in FEMA-
356 are summarized in the next part. After that, the improved version of the 
displacement coefficient method in FEMA-440 report is described. 
In the Turkish Earthquake Code (2007), a new chapter titled as retrofit of existing 
buildings is included for assessment and retrofit of existing buildings. The FEMA-
356 is one of the rehabilitation standards preceding this Turkish Rehabilitation Code. 
There are some differences in the analysis methods compared to FEMA-356 and 
FEMA-440 so nonlinear methods in Turkish Code are briefly summarized in the last 
part of this section. 
4.1 Analysis Procedures in FEMA-356 
There are four methods of seismic analysis in FEMA-356: linear static procedure 
(LSP), linear dynamic procedure (LDP), nonlinear static procedure (NSP) and 
Nonlinear Dynamic Procedure (NDP). Most buildings for which damping devices are 
being considered will fall outside the limitation on use of the linear procedures 
although all four procedures can be used for the structures with supplemental 
dampers (Whittaker and Constantinou, 2004), (Kelly, 2001). So, linear methods are 
described more briefly than the nonlinear ones which are allowed to be used for these 
buildings without restrictions. 
4.1.1 Linear procedures 
Linear procedures are appropriate when the expected level of nonlinearity is low. 
The term “linear” in linear analysis procedures implies “linear elastic” for material 
response.  
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Limitations on linear analyses are specified as follows: 
 The ratio of demand to capacity for each primary component, DCR≤2.0, then 
linear procedures are applicable. 
 If one or more component DCRs exceed 2.0 and any irregularity (in- or out-of 
plane discontinuity and severe weak story and torsional strength irregularity) is 
present then linear procedures shall not be used.  
For buildings incorporating supplemental energy dissipation systems, the additional 
limitations required are given below. 
 The framing system exclusive of supplemental dampers remains essentially 
linearly elastic after the installation of damping devices. 
 The effective damping afforded by the energy dissipation system does not exceed 
30% of in the fundamental mode. 
 When evaluating the regularity and determining the stiffness of a building, the 
energy dissipation devices are included in the mathematical model. 
Linear static procedure and restrictions in addition to these limitations are described 
in the following part.  
4.1.1.1 Linear static procedure (LSP) 
LSP shall not be used for a building with one or more of the following 
characteristics: 
 The fundamental period of building, T ≥3.5Ts (Ts, characteristic period of the 
response spectrum) 
 The ratio of the horizontal dimension at any story to the corresponding dimension 
at an adjacent story exceeds 1.4. 
 The building has a severe torsional stiffness in any story or vertical mass or 
stiffness irregularity. 
 The building has a non-orthogonal lateral-force-resisting system. 
It can be concluded that LSP is suitable for regular short buildings. Furthermore, if 
the building incorporates energy dissipation devices, following two additional 
conditions must be satisfied in each principal direction.  
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 The ratio of the maximum resistance in each story to the story shear demand shall 
range between 80% and 120% of the average value of the ratio for all stories. 
 50% of the resistance of the remainder of the framing shall not be exceeded by 
the maximum resistance of all energy dissipation devices. 
In this procedure, the equation for a pseudo lateral force, V, applied to the building 
modeled with linearly elastic stiffness is 
1 2 3 m aV C C C C S W  (4.1) 
where C1 is a modification factor to relate maximum inelastic displacements to 
displacements calculated for linear elastic response, C2 coefficient accounts for the 
amplification in deformations due to cyclic degradation, C3 is a modification factor 
to account for dynamic second-order effects, Cm is an effective mass factor to 
account for higher mode mass participation effects, Sa is the response spectrum 
acceleration at the fundamental period and damping ratio of the building frame and 
W is the effective seismic weight of the building including the dead load and 
reduced portions of other gravity loads listed in FEMA-356. Sa shall be reduced 
using damping coefficients defined in the document to account the damping 
afforded by supplemental damper.  
4.1.1.2 Linear dynamic procedure (LDP) 
In linear dynamic procedure, the design seismic forces, their distribution and 
corresponding response shall be determined by using linearly elastic dynamic 
analysis performed using the response spectrum or the time history method. When 
the response spectrum method is used, dynamic analysis shall calculate peak modal 
responses for sufficient modes to obtain combined modal mass participation of at 
least 90 percent of the total mass in each of two orthogonal directions. Modified 
response spectrum is used for each significant mode to account the effective damping 
provided by the supplemental damper devices. 
If the maximum base shear force calculated by LDP is less than 80% of lateral force 
given in Equation 4.1, all actions and deformations shall be proportionally increased 
to correspond to this level. Modal contributions are combined by either the SSRS 
(square root sum of squares) rule or the CQC (complete quadratic combination) rule. 
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4.1.2 Nonlinear procedures 
Structural damage is mostly depend on the deformation level rather than the base 
shear one after yielding starts in a structure as illustrated in Figure 4.1 (Moehle, 
2005). This figure shows an example of a performance objective described by 
desired damage condition for a given level of ground motion is shown in this figure.  
 
Figure 4.1 : Relation between performance and response, adapted from Moehle (2005). 
Damage level in a structure is more accurately obtained by nonlinear analyses 
requiring nonlinear load-deformation behavior of individual components. The 
behavior is determined by principles of mechanics, desired performance objective 
and experimental results (ATC-40, 1996). Nonlinear static procedure (NSP) which 
can evaluate inelastic range of a building is summarized in Section 4.1.2.1 while 
nonlinear dynamic procedure (NDP) using not only inelastic response but also 
dynamic characteristics of the structure is presented in Section 4.1.2.2. 
4.1.2.1 Nonlinear static procedure (NSP) 
The Displacement Coefficient Method (DCM) described in FEMA-356 is presented 
in this section. Firstly pushover curve, graphical representation of roof displacement 
versus base shear, is obtained by applying the monotonically increasing lateral forces 
statically to the structure under gravity loads. Using idealized bi-linear form of this 
curve, the target roof displacement δt under design earthquake is determined by 
modifying the predicted elastic displacement by coefficients C0 through C3. The 
basic steps of the methodology are described below: 
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1. The following two lateral load patterns should be applied for lateral load 
distributions: 
 Modal pattern can be obtained from the following equations only when more 
than 75% of the total mass participates in the fundamental mode. 
1
k
x x
x n
k
i i
j
w hF V
w h



 
(4.2) 
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 (4.3) 
Where Fx is the lateral load at any floor level x, hx is height (in ft) from the base 
to floor level x, V is the base shear and T is the fundamental period. 
 Uniform or adaptive pattern is selected as second load distribution. Uniform load 
distribution is proportional to the total mass at each level while an adaptive one 
changes according to the inelastic actions in structure. 
2. The pushover curve is idealized as shown in Figure 4.2 to calculate the effective 
lateral    stiffness, Ke, and effective yield strength, Vy, of the building. Area under 
idealized bilinear and actual curves should be approximately equal by providing 
first intersection of two curves at 0.6Vy and secod one at δt.  
3. The effective fundamental period, Te, shall be calculated by the following 
equation. 
i
e i
e
KT T
K
  (4.4) 
Where Ti and Ki represent elastic fundamental period and elastic lateral stiffness 
of the building, respectively. 
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Figure 4.2 : Idealized force-displacement curves,  adapted from FEMA-356 (2000). 
4. The target displacement of MDOF system under design earthquake shall be 
calculated as 
2
0 1 2 3 24
e
t a
TC C C C S g   (4.5)
All terms in this equation including the coefficients C1 through C3 defined in 
Section 4.1.1.1 are described in detail below: 
C0 is a modification factor that relates spectral displacement of an equivalent 
SDOF system to the roof displacement of the building MDOF system. The 
appropriate value can be taken from Table 4.1 using linear interpolation or from 
other two procedures defined in FEMA-356. 
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Table 4.1: Values for modification factor C0, adapted from FEMA-356 (2000) 
 Shear Buildings Other Buildings 
Number of 
stories 
Triangular 
Load Pattern 
Uniform Load 
Pattern 
Any Load 
Pattern 
1 1.0 1.0 1.0 
2 1.2 1.15 1.2 
3 1.2 1.2 1.3 
5 1.3 1.2 1.4 
10+ 1.3 1.2 1.5 
C1, coefficient accounting yielding is given by the following expressions: 
1
1.0
( 1)1.0
e s
s
e
e s
for T T
R TC
T for T T
R
   
 (4.6) 
but not less than 1 nor  more than  
1
1.5 0.1
1.0
e
e s
for T s
C
for T T
  
 (4.7) 
Linear interpolation is used to calculate C1 for the intermediate values of Te. Ts is 
the transitional period between the constant acceleration and velocity regions of 
the spectrum. R is the strength ratio shall be calculated as 
/
a
y
SR
V W
  (4.8) 
where Sa is the response spectrum acceleration (in gravitational acceleration, g), 
at the effective fundamental period  and damping ratio.  
C2, coefficient accounting the effect of pinching, stiffness and strength 
degradation can be taken as 1 or from the table given in FEMA-356 tabulated 
according to the performance levels and framing systems. 
C3, modification factor representing increased displacements due to dynamic 
second-order effects shall be set equal to 1.0 for buildings having post-yield 
hardening stiffness. For other buildings, C3 shall be determined by 
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    (4.9)
where α, ratio of post-yield stiffness to effective stiffness. 
5. Iterative graphical procedure may be required to obtain the target displacement in 
Step 4 due to the interaction between the terms in Step 2 and Step 4. 
6. Acceptability of forces and deformations in members at δt shall be checked 
accordance with the requirements defined in FEMA-356.  
Acceptance criteria for structural components are described according to the target 
building performance level desired and the condition of the components. Plastic 
hinge rotations of components are taken as the limiting values for them.  
The NSP for the structures with friction dissipation devices is the same as for 
structures without devices. The only difference is the reduction in effective period 
provided by the increase in building stiffness since added damping afforded by the 
devices is not account. So, the maximum roof displacement δt is reduced due to 
reduced Te for retrofitted building (Figure 4.3 adapted from Whittaker). 
 
Figure 4.3 : Comparison of pushover curves for building with and without dampers. 
4.1.2.2 Nonlinear dynamic procedure (NDP) 
Both dynamic effects and inelastic response are modeled in the nonlinear dynamic 
procedure permitted to be used for structures without any restrictions. Ground 
motion time histories appropriate to design hazard level are directly applied to the 
Roof displacement 
Base shear 
Pushover curve for retrofitted building with dampers 
δt-retrofit
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structure and the response of individual member shall be modeled considering their 
hysteresis. 
The NDP should be performed using at least three earthquake records since the 
results of the analysis can be sensitive to the characteristics of ground motions.  
Recorded earthquakes shall have a magnitude, source characteristics, distance and 
site conditions that are equivalent to that of the ground shaking hazard at the building 
site. The earthquake records should be scaled in the time domain to obtain the 
average value of scaled records which doesn’t fall below the site response spectrum 
for periods between 0.2 and 1.5 times fundamental period of the building. 
In the case of using three earthquake records for NDP, the maximum value of each 
response parameter shall be used to check the requirements for performance 
objective level while the average value of that shall be permitted to check them when 
seven or more records employed. 
4.2 Improved Procedures in FEMA-440 for Displacement Coefficient Method  
Applied Technology Council commenced a project (ATC-55) to evaluate NSPs, as 
described in ATC-40 and FEMA-356 and to develop improvements since engineers 
reported that different displacement demand for the same building was obtained by 
using these methods.  The FEMA-440 document, the final and principal product of 
the ATC-55 project, presents the updated version of displacement coefficient method 
(DCM) and capacity spectrum method (CSM). In the development of FEMA-440, 
the studies conducted by (Ruiz–Garcia and Miranda, 2003) for improved 
displacement coefficient method and (Guyader and Iwan, 2006) for improved 
capacity spectrum method were utilized.  
Improved procedures are described only for the DCM which is evaluated for 
structures incorporating friction dissipating devices in this thesis. FEMA-440 made 
suggestions primarily on the coefficients in DCM. Based on the results of numerous 
non-linear analyses performed, the recommended expression of the coefficients C1 
and C2 for the improved DCM are  
1
1
( 0.2) 0.211
1 1
e e
ee
C T if T sRC
if T saT
     
 (4.10) 
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 (4.11)
The coefficient a in Equation 4.10 is equal to 130, 90 and 60 for site classes B, C, 
and D, respectively. It is suggested that coefficient C3 be removed from Equation 4.5 
and the strength limitation for systems having negative post-elastic stiffness be 
replaced. 
4.3 The Nonlinear Analysis Methods in Turkish Earthquake Code (2007)  
It has been initiated to use Performance Based Design in seismic evaluation and 
retrofit of existing buildings in Turkey with Turkish Earthquake Code (TEC) (2007). 
The differences in Nonlinear Static Analysis and Nonlinear Dynamic Analysis 
between the Code and the FEMAs are presented, respectively.  
The Nonlinear Static Analysis Method 
Turkish Earthquake Code uses spectral displacement ratio, CR1 to obtain inelastic 
displacement while FEMAs use the coefficients C0 through C3 as described previous 
sections. Inelastic spectral displacement Sdi1 belonging to fundamental mode shape 
and the spectral displacement ratio CR1 are 
1 1 1di R deS C S  (4.12)
1
1 2
1( )
ae
de
SS   (4.13)
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1 ( 1) /
1y BR
y
R T T
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R
    (4.14)
where, Sde1 and Sae1  are the elastic spectral displacement and acceleration 
respectively and belong to fundamental mode shape. T1 is the fundamental period 
and TB, which is equivalent to TS in FEMAs, is the characteristic period. The 
coefficient of strength reduction,.Ry1, which is equivalent to R in FEMAs, is  
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Although there is an upper limit for inelastic displacement ratio in FEMAs, no limit 
is applied for spectral displacement ratio, CR1. The steps of analysis procedure are 
similar to FEMAs except the first intersection of idealized bilinear and actual curves 
should be at 0.6Vy in FEMAs. On the other hand, in the Turkish Earthquake Code, 
the tangent of the first curve of the idealized bilinear curve is obtained from the value 
based on the fundamental period (Figure 4.4). 
 
Figure 4.4 : The elastic and inelastic spectral displacements, adapted from TEC (2007). 
The Nonlinear Dynamic Analysis Method 
The differences in rules required for nonlinear dynamic analysis in Turkish 
Earthquake Code are listed below: 
 The duration of strong part of earthquake record should not be less than 5Ti 
and 15s. 
 The earthquake records should be scaled in the time domain to obtain the 
average value of scaled records which doesn’t fall below 0.9 times the site 
response spectrum for periods between 0.2 and 2 times fundamental period of 
 
(ω1)2 
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the building. However, it is required that average of spectral acceleration at 
should not be less than design spectrum value at T=0.  
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5. GROUND MOTION PARAMETERS 
In the performance-based seismic design, one of the most important issues is the 
selection of the design earthquake to conduct nonlinear dynamic analysis (Anderson 
and Bertero, 1987), (Kurama and Farrow, 2003). Since the ground motions recorded 
at the same general area even resulting from the same earthquake may induce quite 
different response, many uncertainties are associated with the selection of the ground 
motions expected at a given site (Anderson and Bertero, 1987).  
Over the years, researchers have proposed a number of parameters to define the 
damage potential of earthquake ground motion (Sucuoğlu and Nurtuğ, 1995). Some 
of them are obtained directly like the peak ground acceleration or using computer 
supported analysis. In general, they evaluate the usefulness of the parameters by 
observing their correlation with structural damage measures.     
In this thesis, 22 ground motion parameters from literature defined below were used 
to investigate the correlation between the maximum displacement demand and the 
parameters for friction damped system. These parameters are related to the energy 
content, duration, or peak values of the ground motion records: 
1. PGA (Peak Ground Acceleration): This is the simplest parameter and has been 
used widely to identify earthquake ground motions (Figure 5.1). Although 
spectral response parameters are linearly related with peak ground acceleration, 
some studies reported that it is not totally reliable parameter (Anderson and 
Bertero, 1987), (Sucuoğlu and Nurtuğ, 1995), (Cosenza and Manfredi, 2000). 
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Figure 5.1 : Graphical representation of PGA. 
2. PGV (Peak Ground Velocity): Housner and Jennings (1982) indicated that this 
parameter seems to be a good parameter due to the directly connection with 
energy demand (Cosenza and Manfredi, 2000). PGV, which is shown in Figure 
5.2, has been evaluated as a seismic parameter in many articles (Danciu and 
Tselentis, 2007), (Watson-Lamprey and Abrahamson, 2006), (Elenas, 2000). 
 
Figure 5.2 : Graphical representation of PGV. 
3. PGD (Peak Ground Displacement): Zhai and Xie, (2007) and Elenas (2000) used 
this parameter in addition to others to investigate correlation with damage indices 
(Figure 5.3). 
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Figure 5.3 : Graphical representation of PGD. 
4. EPA (Effective Peak Acceleration): EPA proposed by (ATC 3-06, 1978) is mean 
linear elastic 5%-damped spectral acceleration in the period range of 0.1-0.5s 
divided by 2.5 (Lestuzzi et al., 2004). EPA is illustrated in Figure 5.4. 
 
Figure 5.4 : Graphical representation of EPA. 
5. EPV (Effective Peak Velocity): Kurama et al. (1997) recommended as mean 
linear elastic 5%-damped spectral pseudo-velocity for periods between 0.8 and 
1.2s (Kurama and Farrow, 2003) (Figure 5.5). 
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Figure 5.5 : Graphical representation of EPV. 
6. MIV (Maximum Incremental Velocity): Anderson and Bertero (1987) indicated 
that the incremental velocity (IV) represented by the area under the acceleration 
makes ground motion particularly damaging (Figure 5.6). MIV is equal to the 
maximum IV (Decanini and Mollaioli, 1998), (Naeim and Anderson, 1993), 
(Kurama et al., 1997), (Kurama and Farrow, 2003). Kurama and Farrow (2003) 
stated that since MIV capturing the impulsive characteristics of ground motion, it 
may be a better parameter than PGA. 
 
Figure 5.6 : Graphical representation of MIV. 
7. MID (Maximum Incremental Displacement): Incremental displacement, ID, is 
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the area under the velocity time history of a ground motion between two 
consecutive zero velocity crossings and MID is equal to the maximum ID (Figure 
5.7). MID is one of the ground motion parameters used by Zhai and Xie (2007) to 
investigate their influence on structural damage. 
 
Figure 5.7 : Graphical representation of MID. 
8. Sa (Spectral Response Acceleration): Linear elastic 5%-damped spectral response 
acceleration at the linear elastic fundamental period of the structure being 
analyzed. 
9. PGV/PGA: This ratio is high for impulsive and harmonic types of ground 
motions (Sucuoğlu and Nurtuğ, 1995), (Zhu et al., 1988), (Cosenza and 
Manfredi, 2000). Sucuoğlu and Nurtuğ (1995) stated that PGV/PGA is used to 
reflect local soil condition. 
10. SPGA (Significant Peak Ground Acceleration): The maximum ratio of the 
significant variation of ground velocity and its duration (Sasani, 2001), (Sasani, 
2006) and it is illustrated in Figure 5.8.  
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Figure 5.8 : Graphical representation of SPGA, adapted from Sasani (2006). 
11. AI (Arias Intensity): The Arias Intensity introduced by (Arias, 1970) is defined as  
2
0
( )
2
rt
gAI a t dtg
   (5.1) 
where ag(t) is the acceleration time-history, tr is the total duration. Travasarou 
(2003) stated that AI is a strong predictor of displacement response (Watson-
Lamprey and Abrahamson, 2006) (Figure 5.9). 
 
Figure 5.9 : Graphical representation of AI. 
12. A95 (Arias Intensity-based Parameter): This parameter is defined by Sarma and 
Yang (1987) as the acceleration containing 95% of the Arias Intensity (Kurama 
and Farrow, 2003). Sarma and Yang (1987) proposed that A95 parameter can be 
approximately determined as 
Time(s)
AI(m/s) 
tr
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13. RMSA: The root mean square acceleration defined as 
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       (5.3)
Some accelograms contain almost identical levels of energy as measured by Arias 
Intensity (AI) with different durations so RMSA is considered to indicate the motion 
having high energy content and input. 
14. PD (Saragoni Factor): This factor proposed by Araya and Saragoni (1985) as a 
modified Arias Intensity to account for the frequency content is determined by 
2/D oP AI v  (5.4)
where the intensity of zero crossing vo is the number of zero crossings of the 
record in the time unit (Cosenza and Manfredi, 2000). 
15. ID (Damage Factor): Manfredi (2001) stated that this factor proposed by Cosenza 
& Manfredi (1997) is a good predictor for computation of plastic demand 
(Iervolino et al., 2006). It is obtained by 
2
D
g AII
PGA PGV   (5.5)
16. CAV (Cumulative Absolute Velocity): CAV, shown in Figure 5.10, is the 
integral of the absolute value of  ground acceleration over the time history record 
(Danciu and Tselentis, 2007): 
0
( )
rt
gCAV a t dt   (5.6)
This definition is used for the criteria for shutting down of nuclear power plant and 
CAV obtained from earthquake record greater 0.16 gs is considered as a limit value. 
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Figure 5.10 : Graphical representation of CAV. 
17. CAV5 : Kramer and Mitchell (2005) proposed this parameter as a measure of 
longer periods of components of the motions (Danciu and Tselentis, 2007). It is 
cumulative absolute velocity integrated with a 0.005g threshold (Figure 5.11) is 
defined by  
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Figure 5.11 : The 0.005g threshold for CAV5. 
18. tr (Total duration of ground motion): Seismic response depends not only on the 
amplitude of the ground but also the number of cycles or duration. Bommer and 
Martinez-Pereira (1999) reviewed 30 different definitions of strong motion 
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duration. Total duration of ground motion is considered as a parameter to 
compare some other duration definition based on the criteria described below. 
19. t5-95: Trifunac and Brady (1975) introduced this parameter as the interval 
between times at which 5% and 95% of the total integral (AI) is attained 
(Bommer and Martinez-Pereira, 1999), (Hancock and Bommer, 2007), 
(Yamaguchi and El-Abd, 2003) (Figure 5.12). This definition is based on a 
relative criterion so it may fail to identify and measure the length of strong 
shaking phase. 
 
Figure 5.12 : Graphical representation of t5-95. 
20. Bracketed Duration Db(a0=0.05g): Bolt, (1989) defined bracketed duration as 
the total time elapsed between the first and last excursions of a specified level of 
acceleration, a0 (Sucuoğlu and Nurtuğ, 1995), as illustrated in Figure 5.13. If high 
limit (a0) is chosen, bracketed duration is too low or even zero for most records.  
 
Figure 5.13 : Graphical representation of Db(a0=0.05g). 
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21. Bracketed Duration Db(a0=0.03g): This parameter is taken into account to 
observe the influence the amount of threshold acceleration considering the 
previous bracketed duration definition which has higher threshold acceleration 
(Figure 5.14). 
 
Figure 5.14 : Graphical representation of Db(a0=0.03g). 
22. Effective Duration (teff): The effective duration defined by (Bommer and 
Martinez-Pereira 1999) is based on the Husid Plot, as shown in Fig. 5.15. The 
proportion of total Arias intensity contained during time interval between t0 and tf 
which mark the beginning and end of the strong phase was evaluated as an 
indicator for earthquake records. While the beginning phase was considered as 
the time when the Husid plot reaches 0.01 m/s, AI0, the end of the phase was 
defined as the time at which the remaining energy, DAIf, in the record is equal to 
0.125 m/s. As a result, an accelogram having total Aria Intensity not greater than 
0.135 m/s is not evaluated as strong motion and effective duration does exist. 
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Figure 5.15 : Effective duration, adapted from Bommer and Martinez-Pereira (1999). 
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6. INFLUENCE OF GROUND MOTION PARAMETERS ON 
DISPLACEMENT DEMAND  
This section presents the correlation between ground motion parameters and 
displacement demand for SDOF reinforced concrete frames with friction damper 
braces. The aim is to determine which earthquake parameters to be considered as the 
measures of severity of ground motions for these systems. To represent a wide range 
of systems and ground motions, 260 earthquake records and 720 systems are used 
and their properties are given Section 6.1 and Section 6.2, respectively. The last 
section presents the correlation coefficients between these structural and ground 
motion parameters obtained by conducting nonlinear time history analyses.  
6.1 Ground Motion Ensembles 
The acceleration time-history records, totally 260 given in Appendix B, are obtained 
from (PEER, 2007). They are taken from free-field station or ground floor station of 
one story building. The general range of earthquake records is tabulated in Table 6.1 
and Table 6.2. 
Table 6.1: The number of records according to magnitude and closest distance to the fault 
Closest distance to the fault 
Magnitude 
<15km ≥15km 
6≤M<6.5 58 60 
6.5≤M<7.0 38 6 
M≥7.0 22 76 
Table 6.2: The number of records according to the geotechnical subsurface characteristics  
Rock 54
Stiff soil profile 
Shallow (stiff) soil 44
Deep narrow soil 26
Soft soil profile 
Deep broad soil 134
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6.2 The Structural Parameters 
The force-displacement relationships of RC frame and friction damped brace, given 
in Chapter 3, are also illustrated separately in Figure 6.1 to clarify the definition of 
the parameters used.  
 
Figure 6.1 : The force-displacement relationships of RC frame and friction damped brace. 
It is assumed that all systems have the same mass. The structural parameters varied 
in the SDOF system with friction damper are given below and these parameters are 
obtained for the mass of system, M=18.15kN/(m/s2): 
 Initial period of bare frame, Tf,  
 The strength ratio for bare frame, Rf 
f
f y
WR
K x
  (6.1) 
where W is the total weight of the system. 
 The ratio of brace stiffness to bare frame stiffness, Kb/Kf    
 The ratio of slip displacement to frame yield displacement, xs/xy 
The ranges of these parameters given in Table 6.3 constitute 720 systems with 
dissipation device. 
Table 6.3: The values of structural parameters  
Tf (s) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Rf 6 8 10 12      
Kb/Kf 3 6 9 12      
xs/xy 0.1 0.2 0.3 0.4 0.5     
xy xs Displacement 
Force
Kb
Displacement 
Force 
Kf 
Kf=0.15Kf 
FRAME DAMPER
W/Rf 
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6.3 Correlation between Ground Motion Parameters and Peak Displacement 
Demand 
The SDOF nonlinear time-history analyses are conducted using 260 earthquake 
records and 720 systems. An algorithm is developed to perform 187200 dynamic 
analyses formed from combinations of these records and systems. In these analyses, 
the hysteresis model for the system is defined in Chapter 3. A computer supported 
analysis is developed to determine the ground motion parameters defined in Chapter 
5 for each earthquake records using the information from (PEER, 2007).  
The linear relation between earthquake parameters and peak displacement demand 
can be expressed by the correlation coefficient. The correlation coefficient indicates 
the extent to which the pairs of numbers for these two variables lie on a straight line. 
It ranges from -1.0 to +1.0. The closer coefficient is to +1 or -1, the more closely the 
two variables are related. If it is close to 0, it means there is no relationship between 
the variables. If it is positive, it means that as one variable gets larger the other gets 
larger. If it is negative it means that as one gets larger, the other gets smaller (often 
called an "inverse" correlation). The correlation coefficient between the pairs of 
numbers for these two variables, A and B is determined by the following 
relationship; 
2 2
( )( )
( , )
( ) ( )
A B B A
CorrelationCoefficient A B
A A B B
   

   (6.2)
where A and B  are the median values of these two variables. 
The correlation coefficients between the ground motion parameters and peak 
displacement resulted from nonlinear dynamic analyses are obtained for stiff and soft 
soil profile. Rock and shallow soil are considered as stiff soil profile while deep 
narrow and deep broad soils are taken into account as soft soil profile.  
The correlation coefficients take different value for each system and soil profile.   
Observation of these values leads to define another parameter, Rd, which 
characterizes the strength ratio of total system at slip displacement (Figure 6.2). It is 
possible to illustrate the variation of correlation coefficients for all systems in one 
figure by using Rd.  Rd is defined by the following relation.  
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The last equation indicates that the Rd is obtained from the structural parameters 
defined in Section 6.2.  
The correlation coefficients for each ground motion parameter are given in figures in 
Appendix C since their representation takes much place. In this section, the 
demonstration is made about the parameters which have high or specific correlation 
with peak displacement.  
 
Figure 6.2 : The force-displacement relationship for the total system. 
The following conclusion can be drawn from Appendix C: 
 The correlation of the ground motion parameters based on the same 
characteristics of records have similar trend with peak displacement. Table 
6.4 gives the examples for these characteristic of records. 
 To examine the condition of acceleration and velocity characteristic, the 
correlation of the PGA and the MIV with peak displacement demand is 
shown in Figure 6.3. These correlations vary according to soil profile, the Rd 
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and period of bare frame, Tf. The correlation of the PGA is getting lower 
when the Tf and Rd increases, while it is opposite for MIV. Comparing the 
influence of soil profile properties, the correlation coefficients for MIV are 
significantly lower for soft soil profile. 
Table 6.4: Characteristic distribution of ground motion parameters according to the 
trend of their correlation  
Characteristics of records Ground Motion Parameters 
Acceleration 
PGA (Peak Ground Acceleration) 
EPA (Effective Peak Acceleration) 
SPGA (Significant Peak Ground Acceleration) 
Sa (Spectral Response Acceleration) 
Velocity 
PGV (Peak Ground Velocity) 
EPV (Effective Peak Velocity) 
MIV (Maximum Incremental Velocity) 
Displacement PGD (Peak Ground Displacement) 
MID (Maximum Incremental Displacement) 
 The parameters based on displacement characteristic of records, the PGD and 
MID are not good indicators comparing the other parameters based on peak 
values of records. Their high correlation is obtained for soft soil profile, high 
Tf and Rd. 
 The correlation of the ratio PGA/PGV with peak displacement demand is 
quite low. The correlation may increase when only the records showing near 
field effects are used for this investigation since the PGA/PGV is defined as a 
parameter to indicate destructiveness of near field earthquakes. (Changai et 
al., 2007). 
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Figure 6.3 : The correlation coefficient for PGA and MIV according to the stiff and soft soil profiles. 
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 AI (Arias Intensity), A95 factors shows similar correlation with peak 
displacement demand. Their correlation is getting lower when the Tf and Rd 
increases. From Figure 6.4, it is observed that PD (Saragoni Factor) based on 
arias intensity and the intensity of zero crossing exhibits different trend 
according to the soil profile while this properties is not observed for the AI. 
The correlation of the PD for stiff soil profile is higher than that for soft soil 
profile. For Rd<20, the effectiveness of PD increases with high Tf while this is 
opposite for the AI and A95. 
 The correlation of different ground motion parameters based on duration 
properties of records is quite low especially for total duration and the t5-95. 
Bracketed duration definitions for stiff soil profile show higher correlation 
than that for soft soil profile. The influence of duration parameters on peak 
demand may appear when the strength degradation is considered for the 
structures (Hancock and Bommer, 2007).  
 ID (Damage Factor) is not evaluated as a measure of earthquake effect since 
no correlation with displacement demand is observed. 
 Correlation coefficients for the PGA, the A95 and RMSA (Root Mean Square 
Acceleration) have the lowest standard deviation considering whole systems 
and soil profiles. 
 The most representative earthquake parameter is not related only to the 
structural characteristics, but also to the soil profile. It is observed that 
different ground motion parameters correlates well with peak displacement 
demand according to the period of bare frame, Tf, the Rd parameter and the 
soil profile. Figure 6.5 and Figure 6.6 show the most effective ground motion 
parameter for the range defined by these structural properties for stiff and soft 
soil profile, respectively. 
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Figure 6.4 : The correlation coefficient for AI and Pd according to the stiff and soft soil profiles. 
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 According to Figure 6.5, for stiff soil profile, Sa(T), PGA, EPA, MIV and 
PGV correlate better with peak displacement demand. The peak 
displacements have high correlation with PGA for Tf=0.1s, with EPA and 
MIV for Tf=0.2s-0.5s and with MIV and PGV for Tf>0.5s considering wide 
range of Rd. 
 
Figure 6.5 : The most effective earthquake parameters for stiff soil profile. 
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 According to Figure 6.6, for soft soil profile, Sa(T), PGA, EPA, AI, A95 and 
EPV correlates better with peak displacement demand. The peak 
displacements have high correlation with PGA for Tf=0.1-0.2s, with PGA, 
EPA and A95 for Tf=0.2s-0.3s, with AI and EPV for Tf=0.4-0.7s, with EPV 
Tf>0.7s considering wide range of Rd. 
 
Figure 6.6 : The most effective earthquake parameters for soft soil profile. 
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7. EVALUATION OF ANALYSIS PROCEDURES IN FEMA356, FEMA-440 
AND TURKISH EARTHQUAKE CODE (2007) 
This section presents the comparison of Nonlinear Static Procedures (NSP) and 
Nonlinear Dynamic Procedures (NDP) in FEMA-356, FEMA-440 and Turkish 
Earthquake Code (2007) for RC frame with friction damper. These methods are 
given in detail in Chapter 4.  
First of all, the range of structural parameters used for this investigation is given. 
Then Section 7.2 presents the study on the ratio of inelastic displacement to elastic 
displacement obtained by nonlinear time history analyses using earthquake 
ensembles to make better evaluation of the comparison of the methods in Section 7.3.  
7.1 The Structural Parameters 
To describe the structural parameters, Figure 7.1 shows the total trilinear force-
displacement relationships of RC frame and friction damped brace, also given in 
Chapter 3 in more detail.  
 
Figure 7.1 : Trilinear force-displacement relationships of RC frame and 
friction damped brace. 
xs xy
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In this part, 360 systems used consist of the following parameters. The mass of all 
systems is the same as in Section 6 and these parameters are obtained for the mass of 
system, M=18.15kN/(m/s2): 
 Initial period of bare frame, Tf is 0.1-0.9s with 0.1s interval. 
 The strength ratio for bare frame, Rf is taken as 6 and 8. 
 The ratio of brace stiffness to bare frame stiffness, Kb/Kf  is taken as 3,6,9, and 
12.  
 The ratio of slip displacement to frame yield displacement, xs/xy is taken as 0.1-
0.5 with 0.1 intervals. 
7.2 Inelastic Displacement Ratios of SDOF Systems 
In Nonlinear Static Procedure, (recall Equation 4.5), the equation of the target 
displacement of the system under design earthquake is  
2
0 1 2 3 24
e
t a
TC C C C S g   
(7.1) 
Only the coefficient, C1 representing inelastic displacement ratio is considered in this 
part, since MDOF effects represented by C0, strength degradation represented by C2 
and second-order effect represented by C3 are not taken into account. 
The inelastic displacement ratios are obtained performing nonlinear time history 
using real (unscaled) earthquake records to evaluate the coefficient C1 in FEMA-356 
and FEMA-440. For this aim, two sets of earthquake ensemble are used for stiff and 
soft soil profile. Rock and shallow soil are considered as stiff soil profile while deep 
narrow and deep broad soils are taken into account as soft soil profile.  
First two sets of earthquake records are taken at stations within about 15 km of fault 
rupture to observe near field effect. The average peak ground acceleration of each set 
is 0.35g. Second two sets of earthquake records are taken at stations whose closest 
distances are more than 15km to the fault to observe far field effect. Table 7.1 gives 
the number of earthquake and their average PGA for each set. The information about 
near field earthquake ensembles is tabulated in Table 7.2 and Table 7.3 for stiff and 
soft soil, respectively. Table 7.4 and Table 7.5 show the far field earthquake 
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ensembles for stiff and soft soil, respectively. All earthquake records are obtained 
from (PEER, 2007). 
Table 7.1: Summary of earthquake ensembles for evaluation of inelastic displacement ratio 
 Near field earthquakes Far field earthquakes 
 Stiff soil profile Soft soil profile Stiff soil profile Soft soil profile 
Number 20 20 21 35 
Average 
PGA 
0.35g 0.14g 
Table 7.2: Earthquake records at stiff soil profile less than 15km from sources 
Magnitude Earthquake ID PGA(g) component Distance(km) 
6 Coalinga P0411 0.375 270 12.2
6 Coalinga P0411 0.233 360 12.2
6 Coalinga P0409 0.866 270 8.2
6 Coalinga P0409 0.447 360 8.2
6 Coalinga P0410 0.272 270 12.2
6 Coalinga P0410 0.29 360 12.2
7.1 Loma Prieta P0733 0.411 0 11.2
7.1 Loma Prieta P0733 0.473 90 11.2
7.1 Loma Prieta P0745 0.644 0 5.1
7.1 Loma Prieta P0745 0.479 90 5.1
7.1 Loma Prieta P0764 0.357 67 11.6
7.1 Loma Prieta P0764 0.325 337 11.6
6.2 Morgan Hill P0453 0.222 0 11.8
6.2 Morgan Hill P0453 0.292 90 11.8
6.2 Morgan Hill P0463 0.19 0 14
6.2 Morgan Hill P0463 0.113 90 14
6.1 Parkfield P0033 0.059 50 14.7
6.1 Parkfield P0033 0.063 320 14.7
6 Whittier Narrows P0624 0.384 60 12.1
6 Whittier Narrows P0624 0.457 330 12.1
Table 7.3: Earthquake records at soft soil profile less than 15km from sources 
Magnitude Earthquake ID PGA(g) component Distance(km) 
6.5 Imperial Valley P0177 0.379 230 1
6.5 Imperial Valley P0178 0.439 230 1
6.5 Imperial Valley P0179 0.463 230 0.6
6.5 Imperial Valley P0161 0.588 140 2.5
6.5 Imperial Valley P0161 0.775 230 2.5
6.5 Imperial Valley P0180 0.602 140 3.8
6.5 Imperial Valley P0180 0.454 230 3.8
6.5 Imperial Valley P0171 0.213 2 7.6
6.5 Imperial Valley P0185 0.48 360 5.3
6.5 Imperial Valley P0181 0.171 50 8.6
6.5 Imperial Valley P0181 0.224 320 8.6
6.5 Imperial Valley P0186 0.253 225 7.5
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Table 7.3: Earthquake records at soft soil profile less than 15km from sources (continued) 
6.5 Imperial Valley P0186 0.221 315 7.5
6.5 Imperial Valley P0163 0.202 315 10.6
7.4 Kocaeli P1096 0.312 180 12.7
7.1 Loma Prieta P0735 0.322 90 12.7
6.2 Morgan Hill P0451 0.194 0 14.6
6.2 Morgan Hill P0452 0.224 270 12.8
6.7 Superstitn Hill P0725 0.258 90 13.9
6.7 Superstitn Hill P0730 0.172 90 13.3
Table 7.4: Earthquake records at stiff soil profile greater than 15km from sources 
Magnitude Earthquake ID PGA(g) component Distance(km)
7.4 Kocaeli P1095 0.179 0 76.1
7.4 Kocaeli P1095 0.133 90 76.1
7.1 Loma Prieta P0734 0.151 195 21.8
7.1 Loma Prieta P0755 0.156 0 47.7
7.1 Loma Prieta P0756 0.113 137 46.9
7.1 Loma Prieta P0756 0.104 227 46.9
7.1 Loma Prieta P0757 0.103 0 47.8
7.1 Loma Prieta P0774 0.194 270 36.3
7.1 Loma Prieta P0787 0.105 205 68.2
7.1 Loma Prieta P0740 0.124 0 43
7.1 Loma Prieta P0740 0.106 90 43
7.1 Loma Prieta P0763 0.192 90 43.4
7.1 Loma Prieta P0763 0.141 180 43.4
6 N Palm Springs P0538 0.139 0 25.8
6 N Palm Springs P0538 0.113 90 25.8
6 Whittier Narrows P0666 0.123 0 21.2
6 Whittier Narrows P0666 0.186 90 21.2
6 Whittier Narrows P0606 0.118 40 23.3
6 Whittier Narrows P0606 0.149 130 23.3
6 Whittier Narrows P0631 0.142 0 27
6 Whittier Narrows P0631 0.159 90 27
Table 7.5: Earthquake records at soft soil profile greater than 15km from sources 
Magnitude Earthquake ID PGA(g) component Distance(km)
6.4 Coalinga P0326 0.109 0 42.8
6.4 Coalinga P0326 0.114 90 42.8
6.4 Coalinga P0343 0.131 90 30.4
6.5 Imperial Valley P0192 0.122 75 54.1
6.5 Imperial Valley P0192 0.167 345 54.1
7.4 Kocaeli P1093 0.103 0 62.7
7.4 Kocaeli P1093 0.108 90 62.7
7.4 Kocaeli P1091 0.103 0 136.3
7.4 Kocaeli P1104 0.136 90 31.8
7.3 Landers P0818 0.136 0 24.2
7.3 Landers P0818 0.134 90 24.2
7.1 Loma Prieta P0753 0.22 133 47.9
7.1 Loma Prieta P0761 0.16 195 22.3
7.1 Loma Prieta P0761 0.179 285 22.3
7.1 Loma Prieta P0767 0.159 220 58.9
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Table 7.5: Earthquake records at soft soil profile greater than 15km from sources (continued) 
7.1 Loma Prieta P0767 0.156 310 58.9 
7.1 Loma Prieta P0769 0.177 90 28.8 
7.1 Loma Prieta P0777 0.124 190 93.1 
7.1 Loma Prieta P0777 0.106 280 93.1 
7.1 Loma Prieta P0742 0.172 0 28.2 
7.1 Loma Prieta P0742 0.159 90 28.2 
7.1 Loma Prieta P0754 0.171 0 57.4 
7.1 Loma Prieta P0754 0.139 90 57.4 
6 N Palm Springs P0543 0.106 0 46.8 
6 N Palm Springs P0543 0.11 90 46.8 
6.6 San Fernando P0095 0.107 233 45.1 
6.3 Superstitn Hill P0719 0.132 90 24.7 
6.3 Superstitn Hill P0719 0.134 360 24.7 
6.7 Superstitn Hill P0722 0.181 90 24.4 
6.3 Taiwan Smart P0311 0.111 EW 21 
6.3 Taiwan Smart P0311 0.109 NS 21 
6 Whittier Narrows P0542 0.124 90 25.2 
6 Whittier Narrows P0605 0.163 40 23.3 
6 Whittier Narrows P0656 0.159 0 26 
The inelastic peak displacement (xine) from the results of nonlinear time history 
analyses is divided by the elastic peak displacement (xel) for 360 systems defined in 
Section 7.1 and earthquake records. The mean values of xine/xel ratios are calculated 
for each set of earthquake ensembles. The modeling of the system is described in 
Chapter 3. Appendix D gives all the mean values of xine/xel ratios in graphics with 
respect to the ratios of Kb/Kf and xs/xy for each the strength ratio, Rf and 4 set of 
earthquakes. In these graphics, the horizontal axis shows the effective period, Te 
since C1 in FEMA-356 and FEMA-440 is based on Te. Te defined in Equation 4.4 is 
taken as the initial period of the systems here. Table 7.6 illustrates Te values obtained 
for each combination of the frame and friction brace stiffness. From Table 7.6, it is 
seen that the range of Te remains between 0.03s and 0.45s. 
Table 7.6:  Effective period, Te(s) 
 Kb/Kf 
Tf(s) 3 6 9 12 
0.1 0.05 0.04 0.03 0.03 
0.2 0.10 0.08 0.06 0.06 
0.3 0.15 0.11 0.09 0.08 
0.4 0.20 0.15 0.13 0.11 
0.5 0.25 0.19 0.16 0.14 
0.6 0.30 0.23 0.19 0.17 
0.7 0.35 0.26 0.22 0.19 
0.8 0.40 0.30 0.25 0.22 
0.9 0.45 0.34 0.28 0.25 
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There are some specific features in the graphics given in Appendix D. To describe 
some of these features, Figure 7.2 as an example is illustrated. This figure represents 
the cases of Rf=6 and Kb/Kf=3 for each soil profile and set of earthquake ensembles. 
The following conclusion can be drawn from Figure 7.2: 
 The mean value of xine/xel ratios decreases as effective period, Te increases 
under the same condition. 
 Lower values of xs/xy (high Rd) cause higher inelastic displacement ratios 
while the other condition is same. 
 The mean value of xine/xel ratios gets larger value for the ensemble of near 
field earthquake compared to ensemble of far field earthquake. 
Another feature is about the influence of the stiffness ratio, Kb/Kf. To illustrate this, 
Figure 7.3 as an example is shown.  This figures reflect the cases of Kb/Kf=3 and 
Kb/Kf=12 for Rf=6 and the ensemble of near field earthquakes. Following the red line 
on this figure, it is observed that higher brace stiffness causes larger the mean value 
of xine/xel ratios for the systems having almost the same value of Te and Rd (Rd, the 
strength ratio of total system at xs). 
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Figure 7.2 : The mean value of xine/xel ratios for Rf=6, Kb/Kf=3 according to soil profile and distance to the fault.
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Figure 7.3 : Comparison of xine/xel ratios for Rf=6, Kb/Kf=3 and Rf=6, Kb/Kf=12 according to soil profile. 
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7.3 Comparison between Nonlinear Static Procedure (NSP) and Nonlinear 
Dynamic Procedure (NDP) in FEMA-356 and FEMA-440 
This section presents the comparison of the target displacements obtained by NSP 
method and peak displacement obtained by NDP method in FEMA-356 and FEMA-
440. Both methods are given in Chapter 4 in detail. Fema-440 contains improved 
version of the NSP method in FEMA 356. 
Firstly, basic steps of NSP methods to determine target displacement for RC frame 
with friction damper brace are given in Section 7.3.1. Then, earthquake ensembles to 
perform NTH to obtain peak displacement are given in Section 7.3.2. Last Section 
presents the ratios of peak displacement to target displacement for each system to 
evaluate the NSP methods in FEMA-356 and FEMA-440.  
7.3.1 NSP methods for RC frame with friction damper brace 
Iterative procedure described in Section 4.1.2.1 is required to determine target 
displacement for NSP methods. Here, target displacement is calculated by the 
following expression: 
2
1 24
e
t a
TC S g   
(7.2)
Fema-356 calculates the coefficient, C1 by the following 
1
1.0
( 1)1.0
e s
s
e
e s
for T T
R TC
T for T T
R
   
 
(7.3)
but not less than 1 nor  more than  
1
1.5 0.1
1.0
e
e s
for T s
C
for T T
  
 (7.4)
 
In these expressions: 
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Sa is the response spectrum acceleration (in gravitational acceleration, g), at the 
effective fundamental period, Te and damping ratio.  
Ts is the transitional period between the constant acceleration and velocity regions of 
the spectrum.  
R is the strength ratio shall be calculated as 
/
a
y
SR
V W
  (7.5) 
W is the effective seismic weight of the building including the dead load and reduced 
portions of other gravity loads. 
Vy is effective yield strength determined according to procedure given in Section 
4.1.2.1. 
FEMA-440 calculates the coefficient, C1 by the following 
1
1
( 0.2 ) 0.211
1 1
e e
ee
C T s if T sRC
if T saT
     
 (7.6) 
The coefficient a in this equation is equal to 130 and 60 for stiff and soft soil profiles 
respectively. 
Figure 7.4 show the coefficient C1 determined by FEMA-356 and FEMA-440 for 
each soil profiles. It is seen that the C1 is dependent on the R in FEMA-440 while it 
becomes independent of R with limitations on C1 imposed by FEMA-356. 
Furthermore, in FEMA-440, the C1 gets larger value for soft soil profile compared to 
stiff soil profile. On the other hand, almost no difference in C1 is observed for soil 
types in FEMA-356.  
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Figure 7.4 : The values of C1 in FEMA-356 and FEMA-440 for stiff and soft soil profile.
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The iterative procedure described in Section 4.1.2.1 to determine target displacement 
is performed for both NSP methods in FEMA-356 and FEMA-440. The only 
difference between FEMA-356 and FEMA-440 is the calculation of the coefficient 
C1. To explain iteration procedure better, the main steps of the iterative procedure for 
FEMA-356 are applied for an example system below. 
System Properties 
W= 181.5kN; Tf= 0.3s, Rf=6, Kb/Kf=9; xs/xy=0.1;  
Elastic response spectrum in ATC-40 is considered for stiff soil profile and design 
earthquake level: Sa=g; Ts= 0.4 (Figure 7.5).  
 
Figure 7.5 : Elastic response spectrum in ATC-40. 
Kf is determined from the following relationship 
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xs=0.1xy=0.66mm; 
1 16 10( ) 6
9 1
1
y
d f
s b
f
x
R R
x K
K
       
 (7.8)
From Table 7.6, Te=0.09s.  
Steps for the iteration  
1. Estimate target displacement δt in Equation 7.2 to start iteration. In this step Vy 
can be taken as W/Rd (Figure 7.1). In this case from Equation 7.5, R is 
determined by 
/ 30.25 6
/
a
y d
y
SV W R kN R
V W
      (7.9)
For FEMA-356, 1C 1.5 since Te=0.09s<1s using the definition in Equation 7.4 and 
Equation 7.5. So  
2
1 24
e
t a
TC S g  =3.0mm 
(7.10)
With this information, Figure 7.6 shows the force-displacement relationship obtained 
using Figure 7.1. 
 
Figure 7.6 : Force displacement relationship for the example. 
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2. There is no need for further step to determine Vy since the idealized bilinear 
curve is the same as the actual curve between 0-0.03mm displacements so the 
area under idealized bilinear and actual curves is automatically equal.  
This iterative procedure is made for total 360 systems defined Section 7.1 and soil 
profiles according to NSP methods in FEMA-356 and FEMA-440. Considering 
whole iterative procedures, at most 4 and 8 iterations are required to reach target 
displacement for NSP method in FEMA-356 and FEMA-440, respectively. 
After giving Nonlinear Dynamic Procedure (NDP) method in the following section, 
Section 7.3.3 presents the comparison of the results obtained for NDP method and 
NSP methods. 
7.3.2 NDP method for RC frame with friction damper brace 
This section presents earthquake ensembles to perform NDP method in FEMA 
described in Section 4.1.2.2 to obtain peak displacement. To conduct NDP, Chapter 3 
defines the hysteric modeling of the system and Appendix A gives Newmark -
method used for nonlinear time history analyses. 
The following three sets of earthquake ensembles are considered to observe near 
field effect on peak displacement demand: 
1- Scaled near-fault earthquake: Earthquake records at stations whose closest 
distance to the fault is less than 15km are scaled to match elastic response 
spectrum. 
2- Scaled far-fault earthquake: Earthquake records at stations whose closest 
distance to the fault is greater than 15km are scaled to match elastic response 
spectrum. 
3- Unscaled near-fault earthquake: Without matching the design spectrum, 
unscaled earthquake records at stations whose closest distance to the fault is 
less than 15km are considered since FEMA-440 points out that scaling of 
near field earthquake records may be unrealistic. 
For the first two sets of earthquake records; FEMA-356 requires that the earthquake 
records should be scaled in the time domain to obtain the average value of scaled 
records which doesn’t fall below the site response spectrum for periods between 0.2 
and 1.5 times fundamental period, Ti  of the building. To ensure that important higher 
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modes of vibration are adequately the period 0.2Ti is selected (FEMA-440). Since 
this lower bound is not relevant for SDOF system, For NDP, at least 7 ground 
motions are scaled to obtain that the average of the ordinates of the %5damped linear 
response spectra does not fall below the design spectrum for the period range Ti to 
1.5Ti. According to each soil profile and set of earthquake, final earthquake records 
are selected from 260 ground motions minimizing the difference between average 
and design spectrum to avoid motions which require unacceptably large scaling 
factors. From Table 7.6, it is seen that the range of Ti remains between 0.03s and 
0.45s so the requirement of average design spectrum is provided for periods which 
are between 0.03s and 1.5*0.45s to cover all systems. These final earthquakes and 
their average spectrums for each group are given below:  
Near fault earthquakes for stiff soil profile 
The properties and scale factors of earthquakes are given in Table 7.7 and their 
elastic spectrums are illustrated in Figure 7.7. 
Table 7.7: The properties and scale factors of near fault earthquakes for stiff soil 
Scale M Earthquake ID PGA(g)
factor
6 Coalinga P0414 0.84 1.04
6 Coalinga P0415 0.21 1
6 Coalinga P0410 0.272 2.21
7.3 Landers P0873 0.785 1
7.1 Loma Prieta P0733 0.473 2.21
7.1 Loma Prieta P0745 0.644 1
7.1 Loma Prieta P0745 0.479 2.64
7.1 Loma Prieta P0764 0.357 1
6.2 Morgan Hill P0453 0.222 1
6.2 Morgan Hill P0463 0.113 1
6.8 Nahanni Canada P0497 0.323 1.34
 
 
Figure 7.7 : Elastic spectra of scaled near fault earthquakes for stiff soil. 
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Near fault earthquakes for soft soil profile 
The properties and scale factors of earthquakes are given in Table 7.8 and their 
elastic spectrums are illustrated in Figure 7.8. 
Table 7.8: The properties and scale factors of near fault earthquakes for soft soil 
M Earthquake ID PGA(g) Scale Factor
6.4 Coalinga P0369 0.592 1
6.5 Imperial Valley P0179 0.338 3
6.5 Imperial Valley P0179 0.463 2.24
6.5 Imperial Valley P0161 0.588 1.79
6.5 Imperial Valley P0180 0.454 1.28
6.5 Imperial Valley P0171 0.213 1
6.5 Imperial Valley P0171 0.235 3
6.5 Imperial Valley P0185 0.352 1.21
6.5 Imperial Valley P0181 0.224 1
6.5 Imperial Valley P0163 0.202 3
7.4 Kocaeli P1096 0.312 2.41
7.4 Kocaeli P1096 0.358 1.2
6 Whittier Narrows P0642 0.45 1
 
 
Figure 7.8 : Elastic spectra of scaled near fault earthquakes for soft soil. 
Far fault earthquakes for stiff soil profile 
Matching the design spectrum could not be achieved by using one group of 
earthquake records for whole period ranges so two groups of ensemble are used. For 
Tf <0.3s, the properties and scale factors of earthquakes are given in Table 7.9 and 
their elastic spectrums are illustrated in Figure 7.9. For Tf >0.2s, the properties and 
scale factors of earthquakes are given in Table 7.10 and their elastic spectrums are 
illustrated in Figure 7.10. 
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Table 7.9: The scale factors of far fault earthquakes at stiff soil for Tf<0.3s 
M Earthquake ID PGA(g) Scale Factor
5.8 Livermore P0216 0.154 4.6
5.5 Livermore P0223 0.301 4.6
7.1 Loma Prieta P0755 0.156 4.6
7.1 Loma Prieta P0763 0.192 4.6
6 N Palm Springs P0538 0.113 4.6
6 Whittier Narrows P0666 0.123 1.3
6 Whittier Narrows P0666 0.186 1
6 Whittier Narrows P0631 0.159 4.6
6 Whittier Narrows P0671 0.185 4.34
6 Whittier Narrows P0672 0.198 1
 
 
 
 
Figure 7.9 : Elastic spectra of scaled far fault earthquakes at stiff soil for Tf<0.3s. 
Table 7.10: The scale factors of far fault earthquakes at stiff soil for Tf>0.2s 
M Earthquake ID PGA(g) Scale Factor
7.1Loma Prieta P0734 0.151 3.39
7.1Loma Prieta P0755 0.156 3.95
7.1Loma Prieta P0756 0.113 0.8
7.1Loma Prieta P0757 0.103 0.8
7.1Loma Prieta P0784 0.2 4.3
7.1Loma Prieta P0774 0.278 0.8
7.1Loma Prieta P0734 0.151 4.69
6N Palm Springs P0538 0.139 4.7
6Whittier Narrows P0672 0.198 4.7
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Figure 7.10 : Elastic spectra of scaled far fault earthquakes at stiff soil for Tf>0.2s. 
Far fault earthquakes for soft soil profile 
The properties and scale factors of earthquakes are given in Table 7.11 and their 
elastic spectrums are illustrated in Figure 7.11. 
Table 7.11: The scale factors of far fault earthquakes at soft soil  
M Earthquake ID PGA(g) Scale Factor
7.4 Kocaeli P1104 0.136 3.56
7.3 Landers P0818 0.136 1.23
7.1 Loma Prieta P0747 0.279 2.92
7.1 Loma Prieta P0753 0.22 1.65
7.1 Loma Prieta P0761 0.179 1.65
7.1 Loma Prieta P0748 0.236 2.96
6.7 Superstitn Hil P0722 0.181 1
6 Whittier Narrows P0629 0.299 3.76
6 Whittier Narrows P0629 0.247 3.3
 
 
 
 
 
Figure 7.11 : Elastic spectra of scaled far fault earthquakes at soft soil. 
Unscaled near fault earthquakes for stiff soil profile 
The properties of earthquakes are given in Table 7.2 and their elastic spectrums are 
illustrated in Figure 7.12. 
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Figure 7.12 : Elastic spectra of unscaled near fault earthquakes at stiff soil. 
Unscaled near fault earthquakes for soft soil profile 
The properties of earthquakes are given in Table 7.3 and their elastic spectrums are 
illustrated in Figure 7.13. 
 
Figure 7.13 : Elastic spectra of unscaled near fault earthquakes at soft soil. 
7.3.3 Evaluation of NSP methods in FEMA-356 and FEMA-440 for SDOF RC 
frames with friction dampers 
This section presents the ratios of mean peak displacement obtained by nonlinear 
time history analyses to target displacement determined by NSP methods in FEMA-
356 and FEMA-440.  The NSPs underestimate the peak response if this ratio is less 
than one, provide an overestimation if this ratio exceeds one.  Three sets of 
earthquake ensemble for both stiff and soft soil profile are given in the previous 
section. Appendix D represents all ratios in graphics with respect to the Te and Rd for 
each the strength ratio, Rf and 3 set of earthquakes and soil profiles. There are some 
specific features in the graphics given in Appendix D. To describe them, Figure 7.14 
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and Figure 7.15 as examples are illustrated. Figure 7.14 shows the ratios for the case 
of Rf=6 and near fault earthquakes while the ratios for the case of unscaled near fault 
earthquakes are illustrated in Figure 7.15. The following conclusion can be drawn 
from these figures: 
 For scaled earthquake to match design spectrum, NSP methods in FEMA-356 
and FEMA-440 underestimate the peak displacements compared to the result 
of nonlinear time history analyses. 
 The ratio, NDP/NSP decreases as effective period, Te increases under the 
same condition. 
 Compared to NDP method, displacement values determined by NSP methods 
for the same Te are different according to Rd. The greatest NDP/NSP ratio is 
obtained for the cases of high brace stiffness. It can be explained by the 
conclusion of Section 7.2 which indicates that inelastic displacement ratio 
representative for the C1, obtained by NDP get largest value for higher brace 
stiffness. In this case, these inelastic ratios obtained are quite greater than the 
coefficient C1 in FEMAs.  
 The values of displacements obtained by NSP in Fema 440 are greater than 
those in Fema 356 especially for soft soil condition and Rd>4 since the C1 in 
Fema-440 is depend on R and gets greater value for soft soil profile (See 
Figure 7.4).  
 Although the average spectrum of the sets of unscaled near fault earthquakes 
are much lower than design spectrum, there are still some cases which NSPs 
underestimate. These cases belong to the systems having greater brace 
stiffness and low Te value. 
 The demand obtained by NDP may not be evaluated as exact result since 
significant uncertainty remains about scaling of records.The matching design 
spectrum can be achieved by many alternatives which can result discrepancy 
in demand. It may be hard to achieve acceptable results obtained from 
earthquakes having different spectrum. There is a need to provide more 
specific method for scaling ground motion records. 
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Figure 7.14 : NDP/NSP(FEMA356) and  NDP/NSP(FEMA440) ratios for scaled near fault earthquakes at stiff and soft soil profiles.
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Figure 7.15 : NDP/NSP(FEMA356) and  NDP/NSP(FEMA440) ratios for unscaled near fault earthquakes at soft and stiff soil profiles. 
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7.3.4 Evaluation of NSP methods in Turkish Earthquake Code (2007) for SDOF 
RC frames with friction dampers 
This section presents far fault earthquake ensembles to perform NDP method and the 
ratios of mean peak displacement obtained by nonlinear time history analyses to 
target displacement determined by NSP methods in Turkish Earthquake Code (2007).  
Far fault earthquakes for stiff soil profile (Z2 Type) 
Table 7.12: The scale factors of far fault earthquakes at stiff soil for Tf<0.3s 
M Earthquake ID PGA(g) Scale Factor
5.8 Livermore P0216 0.154 3.0
5.5 Livermore P0223 0.301 1.5
7.1 Loma Prieta P0755 0.156 3.3
7.1 Loma Prieta P0763 0.192 2.5
6.0 N Palm Springs P0538 0.113 3.8
6.0 Whittier Narrows P0666 0.123 3.6
6.0 Whittier Narrows P0666 0.186 2.5
6.0 Whittier Narrows P0631 0.159 2.7
6.0 Whittier Narrows P0671 0.185 2.3
6.0 Whittier Narrows P0672 0.198 2.3
Matching the design spectrum could not be achieved by using one group of 
earthquake records for whole period ranges so two groups of ensemble are used. For 
Tf <0.3s, the properties and scale factors of earthquakes are given in Table 7.12 and 
their elastic spectrums are illustrated in Figure 7.16. For Tf >0.2s, the properties and 
scale factors of earthquakes are given in Table 7.13 and their elastic spectrums are 
illustrated in Figure 7.17. 
 
Figure 7.16 : Elastic spectra of scaled far fault earthquakes at stiff soil for Tf<0.3s. 
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Table 7.13: The scale factors of far fault earthquakes at stiff soil for Tf>0.2s 
M Earthquake ID PGA(g) Scale Factor
7.1Loma Prieta P0734 0.151 3
7.1Loma Prieta P0755 0.156 3
7.1Loma Prieta P0756 0.113 4.3
7.1Loma Prieta P0757 0.103 4.6
7.1Loma Prieta P0784 0.2 2.4
7.1Loma Prieta P0774 0.278 1.7
7.1Loma Prieta P0734 0.151 4.7
6N Palm Springs P0538 0.139 3
6Whittier Narrows P0672 0.198 2.3
 
 
 
Figure 7.17 : Elastic spectra of scaled far fault earthquakes at stiff soil for Tf>0.2s. 
Far fault earthquakes for soft soil profile(Z3 Type) 
The properties and scale factors of earthquakes are given in Table 7.14 and their 
elastic spectrums are illustrated in Figure 7.18. 
Table 7.14: The scale factors of far fault earthquakes at soft soil  
M Earthquake ID PGA(g) Scale Factor
7.4 Kocaeli P1104 0.136 3.2
7.3 Landers P0818 0.136 3.5
7.1 Loma Prieta P0747 0.279 1.5
7.1 Loma Prieta P0753 0.220 1.9
7.1 Loma Prieta P0761 0.179 2.6
7.1 Loma Prieta P0748 0.236 2.1
6.7 Superstitn Hil P0722 0.181 2.3
6.0 Whittier Narrows P0629 0.247 2.3
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Figure 7.18 : Elastic spectra of scaled far fault earthquakes at soft soil. 
The ratios of average value of peak displacement obtained by nonlinear time history 
analyses to target displacement determined by the NSP method 
The NSP method in Turkish Earthquake Code (2007) is described briefly in Section 
4.3 and target displacement is calculated by this method.   Then average value of 
peak displacements obtained by the NDP method using far fault earthquakes given 
above for stiff and soft soil profiles. The evaluation of the NSP method is made 
considering the ratios of average value of peak displacement to the target 
displacement. The NSP method underestimates the peak response if this ratio is less 
than one, provides an overestimation if this ratio exceeds one. Four graphics in 
Figure 7.19 present this ratio for Rf=6-8 and stiff-soft soil profiles. To evaluate the 
observation on this graphics, Figure 7.20 and Figure 7.21 show the change of the 
coefficient CR1 used for modifying the elastic displacement in the NSP method. In 
Figure 7.20,  the values of CR1 respect to T1 and R and the coefficient C1 in Fema-
356 for comparing is illustrated. Figure 7.21 shows the values of these coefficients 
for Fema-356, Fema-440 and Turkish Earthquake Code for stiff-soft soil profiles and 
R=6.   
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Figure 7.19 : NDP/NSP for scaled far fault  at stiff - soft soil profiles and Rf=6-8.
 Rf=8 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 0.1 0.2 0.3 0.4 0.5
Te(s)
N
D
P
/
N
S
P
 R f=6 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 0.1 0.2 0.3 0.4 0.5
Te(s )
N
D
P
/
N
S
P
R<1.5
1.5<=R<2.0
2.0<=R<3
3<=R<4
Rd=4.28
Rd=4.61
Rd=5
Rd=6
Rd=7.5
Rd=8.57
 R f=6 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 0.1 0.2 0.3 0.4 0.5
Te(s )
N
D
P
/
N
S
P
R<1.5
1.5<=R<2.0
2.0<=R<3
3<=R<4
Rd=4.28
Rd=4.61
Rd=5
Rd=6
Rd=7.5
Rd=8.57
Rd<1.5 
1.5≤ d<2.0 
2.0≤ d<3.0 
3.0≤Rd<4.0 
Rd=4.28 Kb/Kf=6 
Rd=4.61 Kb/Kf=12 
Rd=5 Kb/Kf=3 
Rd=6 
Rd=7.5 
Rd=8.57 
Stiff soil Rf=6 Soft soil Rf=6 
 Soft soil Rf=8 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 0.1 0.2 0.3 0.4 0.5
Te(s)
N
D
P
/
N
S
P
R<=1.6
1.6<R<=2.28
2.28<R<4
4<=R<5.71
Rd=5.71
Rd=6.15
Rd=6.67
Rd=8
Rd=10
Rd=11.47
d≤1.6 
. d≤2.28 
. ≤ d<4.0 
.0≤ d<5.71 
d .71 Kb/Kf=6 
d .15 Kb/Kf=12 
d .67 Kb/Kf=3 
d  
d  
d .47 
Stiff soil Rf=8 ft soil Rf=8 
Soft soil Rf=6 Stiff soil Rf=  
  T1(s)  T1(s)
 T1(s)  1(s)
 
 
N
D
P
/
N
S
P
 
 
 
N
D
P
/
N
S
P
 
 
 
N
D
P
/
N
S
P
 
 
 
N
D
P
/
N
S
P
 
 93
 
Figure 7.20 : The values of the coefficient CR respect to R for stiff - soft soil profiles. 
 
Figure 7.21 : The values of the coefficient CR for Fema-356, Fema-440 and Turkish Earthquake Code  for soil profiles and R=6. 
DBYBHY2007 (Z2 Soil Type)
01
2
34
56
7
89
1011
12
1314
15
0 0.1 0.2 0.3 0.4 0.5
Te
C1
R=20
R=15
R=10
R=8
R=6
R=5
R=4
R=3
R=2
R=1
Fema356
DBYBHY2007 (Z3 Soil Type)
0
2
4
6
8
10
12
14
1
1
20
22
0 0.1 0.2 0.3 0.4 0.5
Te
C1
R=20
R=15
R=10
R=8
R=6
R=5
R=4
R=3
R=2
R=1
Fema356
CR CR 
Stiff soil Soft soil 
T1(s) T1(s) T1(s) 1(s)
Stiff soil R=6
0
5
10
15
0 0.1 0.2 0.3 0.4 0.5
Pe riod(s)
Fema-440
Fema-356
Turkish Earthquake Code
S o ft  s o il R = 6
0
5
1 0
1 5
2 0
0 0 .1 0 .2 0 .3 0 .4 0 .5
P e r io d (s )
C
R
-
C
1
F e m a -4 4 0
F e m a -3 5 6
T u rk is h  E a r t h q u a k e  C o d e
Stiff soil R=6 Soft soil R=6 
    T1(s)
CR CR 
T1(s) 
 94
The following conclusions can be drawn from these figures: 
 The peak displacement estimation of the NSP method in Turkish Earthquake 
Code  is greater than the peak displacement obtained by the NDP method for 
Rd<4. On the other hand, NSP method in Turkish Earthquake Code 
underestimates the peak displacement compared to NDP method for Rd>4.   
 The ratio, NDP/NSP increases as the fundamental period, T1 increases under 
the same condition while this case is opposite for FEMAs. 
 The greatest NDP/NSP ratio is obtained for the cases of high brace stiffness 
under the approximately same value of period and Rd. For example, when 
Rd=4.28 (Kb/Kf=6), Rd=4.68(Kb/Kf=12) and Rd=5(Kb/Kf==3) for soft soil and 
Rf=6 in Figure 7.18 is compared, the NDP/NSP ratio for Rd=4.68(Kb/Kf=12) 
gets the largest value under the same period. 
 The maximum value of the ratio NDP/NSP is 2-2.5 for Turkish Earthquake 
Code. On the other hand, the maximum value of the ratio NDP/NSP is 9-10 
for FEMAs. The reason of this is that there is a upper limit for inelastic 
displacement ratio in FEMAs while no limit is applied for spectral 
displacement ratio, CR1. 
 The spectral displacement ratio, CR1 in Turkish Earthquake Code can be 
evaluated as too high for T1<0.1s especially for from minor to moderate 
earthquake level. For example, the CR1 is 10 for soft soil profile while C1 in 
Fema-440 is 4 for the same condition (Figure 7.21).  
 The demand obtained by NDP may not be evaluated as exact result, since the 
scaling of records may be hard to achieve acceptable results obtained from 
earthquakes having different spectrum.  
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8. THE SEISMIC PERFORMANCE OF THE FRICTON DAMPED BRACING 
FOR SDOF RC SYSTEM 
The effectiveness of the friction dampers in reducing damage in structures is 
investigated considering the properties of the system and friction dampers.  Peak 
values of story drifts and base shears resulting from comprehensive time history 
analyses are presented for the evaluation of the performance of the friction damped 
bracing system.  
The appropriate friction damped bracing setting should provide the expected 
performance level for the retrofitted structure. In this part, immediate occupancy 
level is considered as a performance level and peak displacement and peak base 
shear are selected as performance criteria for SDOF RC frame with friction damped 
bracing.  
Selection of brace stiffness and slip displacement level for RC frames having 
different period and strength ratio is based on the peak response values obtained from 
comprehensive nonlinear time history analyses.  The properties of the RC frame and 
friction damped bracing are given in Table 8.1. 
Table 8.1: The values of structural parameters 
Tf 
(sn) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Rf 6 8        
Kb/Kf 3 6 9 12      
xs/xy 0.1 0.2 0.3 0.4 0.5     
Under the design earthquake, nonlinear time history analyses are performed and peak 
values of displacements and shears are stored. The earthquake records are taken at 
stations whose closest distances are less than 15km to the fault for stiff and soft 
profile. The average peak ground acceleration of 20 unscaled earthquakes for each 
profile is 0.35g. The limit value for average peak displacement is considered as 
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frame yielding displacement. The damper properties are selected from the cases 
providing this limitation with low base shear comparing the others. 
The set of earthquake records are also used in the previous section and the 
information about the records is given in Table 7.1, Table 7.2 and Table 7.3.  
Totally 18 bare frames are formed by nine periods (Tf) and two strength ratios (Rf). 
For each bare frame and soil profile, average peak base shears/mass and peak 
displacement/xy in graphics with respect to the ratios of Kb/Kf and xs/xy are given in 
Appendix E. Table 8.2 gives the selected damper properties marked in the graphics.  
Table 8.2: The appropriate damper properties according to properties of  bare frame 
and soil profiles 
Rf=6 
Stiff soil 
profile 
Rf=6 
Soft soil 
profile 
Rf=8 
Stiff soil 
profile 
Rf=8 
Soft soil 
profile 
Tf 
Kb/Kf xs/xy Kb/Kf xs/xy Kb/Kf xs/xy Kb/Kf xs/xy 
0.1 9 0.2 9 0.2 9 0.3 9 0.3 
0.2 9 0.2 9 0.2 9 0.3 9 0.3 
0.3 9 0.2 9 0.2 12 0.3 12 0.2 
0.4 9 0.2 9 0.2 9 0.3 12 0.2 
0.5 9 0.2 9 0.2 12 0.2 12 0.2 
0.6 12 0.1 12 0.1 12 0.2 12 0.2 
0.7 9 0.1 12 0.1 9 0.2 12 0.2 
0.8 6 0.1 9 0.1 12 0.1 9 0.2 
0.9 3 0.1 9 0.1 12 0.1 9 0.2 
There are some specific features in the graphics given in Appendix E. To describe 
some of these features, from Figure 8.1 to Figure 8.4 as examples are illustrated. 
These figures represent the cases of Tf=0.4s and Tf=0.9s for Rf=6 for each soil profile 
and the following conclusions can be drawn: 
- Ductility and base shear demand are strongly dependent on the brace to frame 
stiffness ratio, the device slip to frame yield displacement ratio and soil 
profile. 
- Generally base shear increases with Kb/Kf ratio and xs/xy ratio. On the other 
hand these condition is opposite for displacement demands. 
- To obtain the optimum damper feature, firstly the cases providing 
displacement demand lower than xy are determined then the case with the 
lowest shear demand from these is selected. 
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- Although high brace stiffness and slip displacement warrant the displacement 
limitation, dissipated energy by friction damper decreases and the behavior of 
the system show similarity with braced one without any dissipation feature. 
- Higher brace stiffness causes greater decrement in displacement demand 
under the same slip load. The same slip load can be obtained by using 
different brace stiffness and slip displacement ratio. For example, the case 
formed by Kb/Kf=3 and xs/xy=0.4 has the same load as the case formed by 
Kb/Kf=12 and xs/xy=0.1. For Tf=0.4s in Figure 8.1, displacement demand is 
1.7xy for Kb/Kf=3 and xs/xy=0.4 while 1.4xy for Kb/Kf=12 and xs/xy=0.1. 
- For Tf>0.5sn, required slip load level decreases for stiff soil while almost 
same load level is required for soft soil. Bare frame with Tf=0.9s taken as an 
example, it is convenient to use Kb/Kf=9 with xs/xy=0.1 for soft soil profile 
while using lower brace stiffness (Kb/Kf=3 with xs/xy=0.1) is enough for stiff 
profile.  
- Lower slip load level is required to obtain performance objective for Rf=6 
compared to the case of Rf=8 according to Table 8.2. 
 
Figure 8.1 : Max(Base Shear)/W and  Average(xine/xy) at stiff soil for Rf=6 and Tf=0.4s. 
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Figure 8.2 : Max(Base Shear)/W and  Average(xine/xy) at stiff soil for Rf=6 and Tf=0.9s. 
 
Figure 8.3 : Max(Base Shear)/W and  Average(xine/xy) at soft soil for Rf=6 and Tf=0.4s. 
 
Figure 8.4 : Max(Base Shear)/W and  Average(xine/xy) at soft soil for Rf=6 and Tf=0.9s. 
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9. APPLICATIONS FOR MDOF RC FRAME INCLUDING FRICTION 
DAMPED BRACINGS 
The correlation of ground motion parameters with peak demand for SDOF RC 
frames with friction damper is investigated in Chapter 6. Apart from this observation, 
Chapter 7 presents the evaluation of Nonlinear Static Procedures (NSP) comparing 
the results obtained from Nonlinear Dynamic Procedure (NDP) for these SDOF 
systems. In this section, three MDOF frames retrofitted by friction damper are used 
as examples in the evaluation of these findings for SDOF systems. 
Firstly, the example frames and model assumption are introduced then friction 
damped bracing system are selected considering the efficient damper properties 
determined in Chapter 8. For three retrofitted frames, Section 9.4 gives the influence 
of earthquake parameters on peak displacement demand and evaluation of NSP are 
presented in Section 9.5. 
9.1 Example Frames  
Three example frames used are chosen from the buildings which were investigated 
by Turkish Earthquake Foundation and it was noted that all of them would need 
retrofitting. Their fundamental periods are 0.4s, 0.66s and 0.82s. A brief description 
of structural system is provided here. 
Frame 1 
A three story reinforced concrete frame is shown in Figure 9.1. The concrete 
compressive strength is 12.5 MPa and the quality of steel is S220. The dimensions 
of structural members are given in Table 9.1. The frame has a fundamental period of 
0.4s for cracked sections. 
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Figure 9.1 : Frame 1. 
Table 9.1: Dimensions of structural members in Frame 1 
  b*h(cm2) Reinforcement   b*h(cm2)Reinforcement
S125 30*60 1016+1018 S117 30*60 1018+1218
S225 30*60 1214 S217 30*60 814+816 
S325 30*60 1214 S317 30*60 1214 
Frame 2 
A six story reinforced concrete frame is shown in Figure 9.2. The concrete 
compressive strength is 11.9 MPa and the quality of steel is S220. The frame has a 
fundamental period of 0.82s for cracked sections. Beams are with dimensions of 30 
by 60 cm and the dimension of all columns is 40cm*40cm with 25.12 cm2 and 20.32 
cm2 reinforcement for S1 and S6, respectively.  
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Figure 9.2 : Frame 2. 
Frame 3 
A three story reinforced concrete frame is shown in Figure 9.3. The concrete 
compressive strength is 15.1 MPa and the quality of steel is S220. The dimensions 
of structural members are given in Table 9.2. The frame has a fundamental period of 
0.66s for cracked sections. 
Table 9.2: Dimensions of structural members in Frame 3 
 b*h(cm2) Reinforcement  b*h(cm2) Reinforcement 
S12 70*30 1416 S34 60*30 1216 
S22 60*30 1216 S15 40*30 816 
S32 60*30 1016 S25 40*30 816 
S13 30*30 814 S35 40*30 816 
S23 30*30 814 S16 70*30 1416 
S33 30*30 814 S26 60*30 1416 
S14 70*30 1216 S36 60*30 1014 
S24 60*30 1216    
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Figure 9.3 : Frame 3. 
9.2 Model Assumption  
Strong beam-weak column mechanism is assumed for all frames under the rigid 
diaphragm idealization. The reason of the consideration is that this kind of 
mechanism changes dynamic properties of the structure and invariant load patterns 
for NSP can not account for redistribution of inertia forces (Krawinkler and 
Seneviratna, 1998), (Chintanapakdee and Chopra, 2003), (Kunnath, 2004), (Kalkan 
and Kunnath, 2006). Therefore, more differences between the results for MDOF and 
for SDOF systems may occur and it may be more effective in the evaluation of the 
results obtained for SDOF systems. In addition, this assumption provides making the 
evaluation under the same condition. 
Possible plastic deformations are concentrated in pre-selected critical sections of 
columns. Their hinge length is taken as half of the depth of section and generalized 
load-deformation relation in FEMA-356 is used. Firstly, the conditions for columns 
should be determined such as axial and shear load level, inadequate transverse 
reinforcement level etc. Then modeling parameters and acceptance criteria for 
immediate occupancy level are taken according to the conditions. 
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Q-hyst model which is described in Chapter 3 is considered for nonlinear dynamic 
response of reinforced concrete. 
9.3 Properties of Dissipative Frames  
The properties of friction damped bracings are determined according to Table 8.2 in 
the Chapter 8. To use this table, the strength ratio and the fundamental period of bare 
frame is required. The strength ratios of the frames are calculated from their 
pushover curves. These pushover curves are obtained under the same assumption for 
nonlinear time history analysis so the beams are assumed to be axially rigid and 
available degree of freedom is taken as relative displacement of the floor mass.   
Diagonal bracings are used for all bays of the frames. The determination of 
distribution of slip displacement over the height of frame is made considering the 
behavior of equivalent SDOF system so the results of SDOF system can be evaluated 
either to be representative of MDOF system or not. The important point in showing 
the similar response is that all friction dampers in frame should activate at the same 
time otherwise triangular load-deformation used for SDOF system can not be 
captured for MDOF system. After some trial and error, the value of slip displacement 
in axial direction in the braces is determined to provide required the ratio of slip  to 
yield displacement in base shear-roof displacement relationship of the dissipative 
frames. 
Frame 1 
From the pushover curve effective yield strength, Vy = 214.5kN and the strength 
ratio of bare frame is 
1338 2.86
467.8f y
W kNR
V kN
    (9.1)
The ratio of brace stiffness to bare frame stiffness, Kb/Kf =6 and the ratio of slip 
displacement to frame yield displacement, xs/xy=0.1 are selected. According to this 
selection, the effective period, Te is 0.15s (Table 7.6). In this case, the strength ratio 
of total system, Rd is calculated according to Equation 6.2: 
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(9.2) 
The distribution of slip displacement in the diagonal direction for friction damper 
over the height of frame is selected as in Table 9.3. Base shear- displacement 
relationship of final system is illustrated in Figure 9.4.  
Table 9.3: Slip displacement level in the diagonal direction in Frame 1 
Floor Slip displacement (cm) 
3 0.018 
2 0.031 
1 0.054 
 
 
Figure 9.4 : Base shear – displacement relationship of Frame 1. 
Frame 2 
From the pushover curve effective yield strength, Vy = 183.9kN and the strength 
ratio of bare frame is 
1130 6.14
183.9f y
W kNR
V kN
    (9.3) 
The ratio of brace stiffness to bare frame stiffness, Kb/Kf =12 and the ratio of slip 
displacement to frame yield displacement, xs/xy=0.1 are selected. According to this 
selection, the effective period, Te is 0.22s (Table 7.6). In this case, the strength ratio 
of total system, Rd is calculated according to Equation 6.2: 
Base shear (kN) 
Roof  
displacement(mm) xs=2 xy=20 
270 
700 
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(9.4)
The distribution of slip displacement in the diagonal direction for friction damper 
over the height of frame is selected as in Table 9.4. Base shear- displacement 
relationship of final system is illustrated in Figure 9.5.  
Table 9.4: Slip displacement level in the diagonal direction in Frame 2 
Floor Slip displacement (cm) 
6 0,016 
5 0.034 
4 0.051 
3 0,066 
2 0,096 
1 0,118 
 
 
Figure 9.5 : Base shear – displacement relationship of Frame 2. 
Frame 3 
From the pushover curve effective yield strength, Vy = 467.8kN and the strength 
ratio of bare frame is 
1425 6.64
214.5f y
W kNR
V kN
    (9.5)
Base shear (kN) 
Roof  
displacement(mm) xs=3.8 xy=38 
450 
280 
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The ratio of brace stiffness to bare frame stiffness, Kb/Kf =12 and the ratio of slip 
displacement to frame yield displacement, xs/xy=0.1 are selected. According to this 
selection, the effective period, Te is 0.17s (Table 7.6). In this case, the strength ratio 
of total system, Rd is calculated according to Equation 6.2: 
1 6.64 5.1
0.1(1 12)
1
y
d f
s b
f
x
R R
x K
K
      
 
(9.6) 
The distribution of slip displacement in the diagonal direction for friction damper 
over the height of frame is selected as in Table 9.5. Base shear- displacement 
relationship of final system is illustrated in Figure 9.6.  
Table 9.5: Slip displacement level in the diagonal direction in Frame 3 
Floor Slip displacement (cm) 
3 0.053 
2 0.051 
1 0.057 
 
 
Figure 9.6 : Base shear – displacement relationship of Frame 3. 
9.4 Influence of Earthquake Parameters on Peak Displacement 
In this section, the correlation between the most effective ground motion parameters 
and displacement demand for three frames including friction damper braces is given. 
In addition, the results for equivalent SDOF system which are presented in Chapter 6 
are illustrated to observe the results for both MDOF and SDOF systems.  
Roof  
displacement(mm) 
Base shear (kN) 
xs=4.1 xy=41 
250 
450 
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For three frames, nonlinear time history analyses using the same 260 earthquake 
records are performed. The properties of earthquake records are given in Appendix 
B. Figure 9.7-9.8 for Frame 1, Figure 9.9-9.10 for Frame 2, Figure 9.11-9.12 for 
Frame 3 illustrates the comparison of correlations with SDOF system according to 
soft and stiff soil profiles, respectively. 
 
Figure 9.7 : The correlation coefficients at stiff soil for Frame  1 and SDOF system. 
 
Figure 9.8 : The correlation coefficients at soft soil for Frame 1 and SDOF system. 
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Figure 9.9 : The correlation coefficients at stiff soil for Frame 2 and SDOF system. 
 
Figure 9.10 : The correlation coefficients at soft soil for Frame 2 and SDOF system. 
According to these results, correlation between ground motion parameters and 
displacement demand for MDOF frames show similar trend with that for SDOF 
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systems. In addition, MIV (Maximum Incremental Velocity) for stiff soil profile, and 
AI (Arias Intensity) for soft soil profile correlate better with peak displacement 
considering both MDOF and SDOF system. 
 
Figure 9.11 : The correlation coefficients at stiff soil for Frame 3 and SDOF system. 
 
Figure 9.12 : The correlation coefficients at soft soil for Frame 3 and SDOF system. 
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9.5 Evaluation of Nonlinear Static Procedures (NSP) for Example Frames 
This section presents the comparison of peak displacement demands obtained by 
Nonlinear Static Procedures (NSP) and Nonlinear Dynamic Procedures (NDP) in 
FEMA-356 and FEMA-440 for three frames including friction damper. Both 
methods are given in detail in Chapter 4 and the comparison of them for SDOF 
systems are presented in Chapter 7.  
Nonlinear time history analyses are performed using the same six groups of 
earthquake records as in Section 7.3.2. The six groups are formed by scaled near 
field earthquakes, scaled far field earthquakes and un-scaled near field earthquakes 
for each stiff and soft soil profiles. Rock and shallow soil are considered as stiff soil 
profile while deep narrow and deep broad soil are taken into account as soft soil 
profile. For each six groups, the mean peak roof displacements determined by NDP 
is used to evaluate NSP methods. 
In this section, for Nonlinear Static Procedure, (recall Equation 4.5), the equation of 
the target displacement of the system under design earthquake is   
2
0 1 24
e
t a
TC C S g   (9.7) 
Only the coefficients, C1 (inelastic displacement ratio) and C0 representing MDOF 
effects are considered, since strength degradation represented by C2 and second-order 
effect represented by C3 are not taken into account in this thesis.  
The ratios of mean peak displacement obtained by nonlinear time history analyses to 
target displacement for three frames by NSP methods in FEMA-356 and FEMA-440 
are given in from Table 9.6 to Table 9.8. The NSPs underestimate the peak response 
if this ratio is less than one, provide an overestimation if this ratio exceeds one.  
Target displacement is calculated for both uniform and mode shape load distribution 
and the maximum one is used for the comparison. The target displacement obtained 
by NSP methods provides immediate occupancy level in Fema-356 for columns.  
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Frame 1(Te=0.15s, C0=1.3) 
Table 9.6: The NDP/NSP ratios for Frame 1 
 NDP(cm) NDP/NSP(FEMA356) NDP/NSP(FEMA440)
Near field-stiff soil profile 3 2.41 1.85 
Near field-soft soil profile 3.3 2.53 1.17 
Far field-stiff soil profile 2.1 1.98 1.58 
Far field-soft soil profile 2.5 2.09 1.06 
Near field(unscaled)-stiff soil profile 1.3 1.17 0.94 
Near field(unscaled)-soft soil profile 1.2 0.95 0.44 
Frame 2(Te=0.22s, C0=1.42) 
Table 9.7: The NDP/NSP ratios for Frame 2 
 NDP(cm) NDP/NSP(FEMA356) NDP/NSP(FEMA440)
Near field-stiff soil profile 3.8 1.46 1.26 
Near field-soft soil profile 7.6 2.61 1.61 
Far field-stiff soil profile 4.1 1.58 1.37 
Far field-soft soil profile 4.8 1.85 1.17 
Near field(unscaled)-stiff soil profile 1.5 0.65 0.60 
Near field(unscaled)-soft soil profile 1.9 0.66 0.40 
Frame 3(Te=0.17s, C0=1.3) 
Table 9.8: The NDP/NSP ratios for Frame 3 
 NDP(cm) NDP/NSP(FEMA356) NDP/NSP(FEMA440)
Near field-stiff soil profile 6.4 3.79 2.15 
Near field-soft soil profile 9.8 5.27 1.81 
Far field-stiff soil profile 6.7 4.45 2.67 
Far field-soft soil profile 7.6 4.50 1.59 
Near field(unscaled)-stiff soil profile 2.3 1.54 0.92 
Near field(unscaled)-soft soil profile 3.1 1.66 0.57 
For these three frames, the following conclusion showing similarity with the results 
obtained for SDOF systems in Chapter 7 can be drawn: 
 For scaled earthquake to match design spectrum, NSP methods estimate the 
peak displacements less than the result of nonlinear time history analyses. 
 The values of displacements obtained by NSP in Fema-440 are greater than 
those in Fema-356, especially the differences are high for soft soil condition. 
 The biggest difference between NDP and NSPs is observed for Frame 3 
which has high brace to frame stiffness ratio and effective period (Te) less 
than 0.2s. 
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 When using the sets of unscaled near fault earthquakes, usually NSP methods 
estimate higher roof displacements than the displacement obtained by NDP 
since the average spectrum of the sets of these earthquakes are much lower 
than design spectrum. 
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10. CONCLUSIONS AND RECOMMENDATIONS  
This thesis aims to evaluate the performance and response of SDOF reinforced 
concrete frames retrofitted by friction damped braces considering three main aspects. 
The first aspect is the influence of ground motion parameters on the behavior of RC 
frames with friction dampers. Secondly, analysis methods in FEMA-356 and FEMA-
440 for these systems are compared and evaluated. Furthermore, the analysis 
methods in the Turkish Earthquake Code (2007), which is preceded by The FEMA-
356, are also evaluated. Finally, the effectiveness of the friction dampers in reducing 
damage in structures is investigated considering the properties of the system and 
friction dampers.   
The results obtained from the investigation are given in more detail in Chapter 6 for 
influence of the properties of earthquake records, Chapter 7 for evaluation of analysis 
methods and Chapter 8 for efficiency of friction damper. The general conclusions are 
presented as follows: 
The conclusions of study on influence of 22 ground motion parameters on peak 
displacement demand   
Different parameters play role in peak demand according to system properties and 
soil profiles. Conducting 187200 nonlinear time history analyses for SDOF systems 
reveal some results. For stiff soil, Sa, PGA, EPA, MIV and PGV correlates better 
with peak displacement demand according to the ranges formed by bare frame 
period, Tf and strength ratio of total system at slip displacement, Rd. On the other 
hand, for soft soil, the correlation of Sa, PGA, EPA, AI, A95 and EPV with peak 
displacement demand is high related to the values of Tf and Rd. Duration effects on 
behavior of system is not observed. Correlation coefficients for PGA, A95 and RMSA 
have the lowest standard deviation considering whole systems so these parameters 
may be considered as more stable ones.  
In current seismic design procedures, nonlinear dynamic procedure is performed 
scaling earthquake records in the time domain to obtain the average value of scaled 
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records which doesn’t fall below the site response spectrum. To take into account 
effective ground motion parameters mentioned above in scaling procedure, future 
research is needed to determine the probability of exceedence of their certain levels 
for at given site. 
Strength or stiffness degradation model, which is not considered in this study, may 
be included to observe the influence of the parameters based on duration of 
earthquake in further study. 
The conclusions of the evaluation of nonlinear analysis  methods in FEMA-356, 
FEMA-440 and Turkish Earthquake Code (2007) 
Nonlinear static procedure (NSP) and nonlinear dynamic procedure (NDP) are 
compared since these two methods are allowed to be used for buildings including 
dissipative devices without restrictions. For NSP, only inelastic displacement ratio 
(C1) from modification factors is considered because stiffness and strength 
degradation are not taken into account for NDP. The inelastic displacement ratios are 
obtained performing nonlinear time history using real (un-scaled) earthquake records 
to evaluate the coefficient C1 in FEMA-356 and FEMA-440. C1 in FEMA-356 
depends on effective period (Te) whereas C1 in FEMA-440 depends on both strength 
ratio and effective period. The following conclusions are obtained from both 
evaluation on inelastic displacement ratio (C1) and comparison of NSP and NDP 
methods: 
 Inelastic displacement ratio (C1) increases with strength ratio of total system 
at slip displacement, Rd and decreases for larger effective period under the 
same condition.  
 C1 gets larger value for the ensemble of near field earthquake.  
 Higher brace stiffness causes larger C1 for the systems having the almost 
same value of Te and Rd.  
 NSP methods in FEMA-356 and FEMA-440 underestimate the peak 
displacements compared to the result of NDP. 
 The value of displacements obtained by NSP in FEMA-440 is greater than 
those in FEMA-356 especially for soft soil profile and Rd>4.  
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 The ratio of displacement obtained by NDP to displacement obtained by NSP 
gets the greatest values for the cases of high brace stiffness and low Te.  
According to the NSP method in Turkish Earthquake Code (2007), target 
displacement is calculated.   Turkish Earthquake Code uses spectral displacement 
ratio, CR1 to obtain inelastic displacement. Then average value of peak displacements 
obtained by the NDP method using far fault earthquakes for stiff and soft soil 
profiles. The evaluation of the NSP method is made considering the ratios of average 
value of peak displacement to the target displacement. The following conclusions are 
obtained: 
 The peak displacement estimation of the NSP method in Turkish Earthquake 
Code  is greater than the peak displacement obtained by the NDP method for 
Rd<4. On the other hand, NSP method in Turkish Earthquake Code 
underestimates the peak displacement compared to NDP method for Rd>4.   
 The ratio, NDP/NSP increases as the fundamental period, T1 increases under 
the same condition while this case is opposite for FEMAs. 
 The greatest NDP/NSP ratio is obtained for the cases of high brace stiffness 
under the approximately same value of period and Rd.  
 The maximum value of the ratio NDP/NSP is 2-2.5 for Turkish Earthquake 
Code.  On the other hand, the maximum value of the ratio NDP/NSP is 9-10 
for FEMAs. The reason of this is that there is a upper limit for inelastic 
displacement ratio in FEMAs while no limit is applied for spectral 
displacement ratio, CR1. 
 The spectral displacement ratio, CR1 in Turkish Earthquake Code can be 
evaluated as too high for T1<0.1s especially for from minor to moderate 
earthquake level.  
The reliability of nonlinear static procedure is evaluated according to the result of  
nonlinear dynamic procedure NDP so  scaling of ground motion for spectrum 
matching is a central issue in performance-based design. In this thesis, according to 
each soil profile and set of earthquake, final earthquake records are selected from 
260 ground motions minimizing the difference between average and design spectrum 
to avoid motions which require unacceptably large scaling factors. The demand 
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obtained by NDP may not be evaluated as exact result, since the scaling of records 
may be hard to achieve acceptable results obtained from earthquakes having different 
spectrum. Future research may be needed to reveal more specific rule for either 
scaling method or factors for NDP. 
The conclusions of evaluation of efficiency of the friction dampers in reducing 
damage in structures 
Comprehensive nonlinear time history analyses are conducted to select brace 
stiffness and slip displacement level for SDOF reinforced concrete frames having 
different period and strength ratio providing immediate occupancy performance level 
for the retrofitted systems. Peak displacement and peak base shear are selected as 
performance criteria for SDOF RC frame with friction damped bracing.  The 
earthquake records are taken at stations whose closest distances are less than 15km to 
the fault for stiff and soft profile and the average peak ground acceleration of 20 
unscaled earthquakes for each profile is 0.35g. It is observed that high brace stiffness 
causes greater decrement in displacement demand under the same slip load level. 
Lower slip load level is required to obtain performance objective for strength ratio of 
bare frame Rf=6 compared to the case of Rf=8. For period of bare frame higher than 
0.5s, required slip load level decreases for stiff soil profile while almost same load 
level is required for soft soil profile.  
The required slip load and brace stiffness is based on the desired performance level 
for subjected hazard level so the result obtained here is limited since only immediate 
occupancy level is aimed for sites whose closest distances are less than 15km using 
unscaled earthquake records.  
In this thesis, the results of there main aspects are obtained from SDOF reinforced 
concrete system incorporating friction damped brace. Three MDOF frames having 
column mechanism retrofitted by friction damper are used as examples in the 
evaluation of these findings for SDOF systems. 
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APPENDIX A 
A step-by-step formulation was proposed by Newmark needs the discretion of the 
response and the forcing function. Using the force and response data at time tk, the 
displacement, velocity and acceleration of the mass at time tk+1 are computed. In 
addition to Equation A.1, two additional equations are used to compute the 
responses: 
( ) ( ) ( ) ( )gMx t Cx t f t Ma t      (A.1)
( )( ) dx tx t
dt
  (A.2)
2
2
( ) ( )( ) dx t d x tx t
dt dt
   (A.3)
Since the integral solution is preferred to achieve high accuracy, Equation A.3 is 
written as 
1
1 ( )
k
k
t
k k t
x x x s ds           (A.4a) 
1
1 ( )
k
k
t
k k t
x x x s ds          (A.4b) 
It is necessary to approximate the continuous acceleration function, x(s)  to discretize 
the integrand in Equation A.4. The constant average acceleration method is preferred 
here. In this case, the set of three simultaneous equations takes the form 
1 1 1 1( )k k k g kMx Cx f x a             (A.5a) 
1
1 1 1
1 1 1( )
2 2 2
k
k
t
k k k k k k kt
x x x x dt x x t x t                     (A.5b) 
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2 2
1 1
1 1( ) ( )
4 4k k k k k
x x x t x t x t           (A.5c) 
f(xk+1) in Equation A.5a, the force from the system stiffness, is a function of the 
displacement. 
The response at time step k+1 is obtained as below after the rearranging and 
substituting the equations. 
1
1 1
1
k k
k N k N g k N g k
k k
x x
x F x H a H a
x x

 

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(A.8) 
2
1 1
2 4
( )sM C t k t
and
  
 
    
   
(A.9) 
ks taking place in the above equations is the simultaneous stiffness of the system 
according to the value of the system displacement at that time. Updating the 
acceleration response is necessary to satisfy the dynamic equilibrium equation when 
the system stiffness changes within a time step. 
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APPENDIX B 
Table B.1: The properties of 260 earthquake records  
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº 
Closest distance 
to fault (km) 
6.2 Chalfant Valley P0553 0.248 19.2 7.04 180 9.2 
6.2 Chalfant Valley P0553 0.175 19.4 6.72 270 9.2 
6.2 Chalfant Valley P0550 0.082 7 1.34 0 33.4 
6.2 Chalfant Valley P0550 0.074 7.9 3.06 90 33.4 
6.2 Chalfant Valley P0556 0.095 4.8 1.3 0 33.4 
6.2 Chalfant Valley P0556 0.056 6.4 2.58 90 33.4 
6.2 Chalfant Valley P0558 0.078 2.3 0.65 270 36.3 
6.2 Chalfant Valley P0558 0.083 2.4 0.88 360 36.3 
6 Coalinga P0412 0.141 5.5 0.79 0 9.7 
6 Coalinga P0412 0.127 6.3 0.66 90 9.7 
6 Coalinga P0414 0.84 44.1 6.8 270 9.2 
6 Coalinga P0414 1.083 39.7 5.41 360 9.2 
6 Coalinga P0413 0.219 14 2.85 270 10.9 
6 Coalinga P0413 0.187 14.8 3.82 360 10.9 
6 Coalinga P0411 0.375 16.4 6.23 270 12.2 
6 Coalinga P0411 0.233 18.9 2.65 360 12.2 
6       Coalinga P0415 0.217 18.1 2.9 270 10.9 
6 Coalinga P0415 0.21 14.8 4.38 360 10.9 
6 Coalinga P0409 0.866 42.2 6.14 270 8.2 
6 Coalinga P0409 0.447 24.8 2.23 360 8.2 
6 Coalinga P0410 0.272 12.8 3.31 270 12.2 
6 Coalinga P0410 0.29 21.5 3.31 360 12.2 
6.4 Coalinga P0368 0.38 32.4 6.43 45 8.5 
6.4 Coalinga P0368 0.285 19.1 2.59 135 8.5 
6.4 Coalinga P0369 0.592 60.2 8.77 45 8.5 
6.4 Coalinga P0369 0.551 36.4 3.96 135 8.5 
6 Coalinga P0408 0.324 14.4 1.39 0 10 
6 Coalinga P0408 0.605 20.7 2.32 90 10 
6 Coalinga P0407 0.269 14.2 2.32 270 10.5 
6 Coalinga P0407 0.323 16.2 1.43 360 10.5 
6.4 Coalinga P0327 0.044 4.4 1.61 0 38.4 
6.4 Coalinga P0327 0.056 6.5 1.75 90 38.4 
6.4 Coalinga P0357 0.061 8.1 2.65 0 34.4 
6.4 Coalinga P0357 0.095 7.1 1.75 90 34.4 
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Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº
Closest distance  
to fault (km) 
6.4 Coalinga P0359 0.063 8.2 2.33 0 29.6 
6.4 Coalinga P0359 0.072 6.7 1.39 90 29.6 
6.4 Coalinga P0325 0.026 2.9 0.62 0 40.5 
6.4 Coalinga P0325 0.037 5.4 1.4 90 40.5 
6.4 Coalinga P0339 0.055 9.1 3.85 0 32.8 
6.4 Coalinga P0339 0.056 11.6 3.19 90 32.8 
6.4 Coalinga P0342 0.057 9.4 2.91 0 31.9 
6.4 Coalinga P0342 0.05 8.9 2.46 90 31.9 
6.4 Coalinga P0344 0.087 6.6 1.83 90 28.4 
6.4 Coalinga P0351 0.083 11.4 3.72 0 36.6 
6.4 Coalinga P0351 0.074 11.7 2.64 90 36.6 
6.4 Coalinga P0328 0.098 7.6 1.86 0 43.9 
6.4 Coalinga P0328 0.084 8.3 1.41 90 43.9 
6.4 Coalinga P0345 0.11 12.1 3.26 90 29.5 
6.4 Coalinga P0345 0.112 14.6 5.69 180 29.5 
6.4 Coalinga P0356 0.059 8.2 1.55 0 48 
6.4 Coalinga P0356 0.069 7.4 1.21 90 48 
6.4 Coalinga P0324 0.09 10.8 2.66 0 41.6 
6.4 Coalinga P0324 0.089 15.2 2.64 90 41.6 
6.4 Coalinga P0326 0.109 11.3 2.6 0 42.8 
6.4 Coalinga P0326 0.114 9.6 1.79 90 42.8 
6.4 Coalinga P0343 0.073 15.3 7.05 0 30.4 
6.4 Coalinga P0343 0.131 16.1 3.15 90 30.4 
6.4 Coalinga P0350 0.072 6.5 1.73 0 32.3 
6.4 Coalinga P0350 0.076 7.6 1.4 90 32.3 
6.4 Coalinga P0352 0.094 11 2.87 0 29.2 
6.4 Coalinga P0352 0.072 6.4 1.56 90 29.2 
7.1 Duzce P1540 0.348 60 42.09 180 8.2 
7.1 Duzce P1540 0.535 83.5 51.59 270 8.2 
6.5 Imperial Valley P0177 0.519 46.9 35.35 140 1 
6.5 Imperial Valley P0177 0.379 90.5 63.03 230 1 
6.5 Imperial Valley P0178 0.41 64.9 27.69 140 1 
6.5 Imperial Valley P0178 0.439 109.8 65.89 230 1 
6.5 Imperial Valley P0179 0.338 47.6 24.68 140 0.6 
6.5 Imperial Valley P0179 0.463 109.3 44.74 230 0.6 
6.5 Imperial Valley P0176 0.485 37.4 20.23 140 4.2 
6.5 Imperial Valley P0176 0.36 76.6 59.02 230 4.2 
6.5 Imperial Valley P0161 0.588 45.2 16.78 140 2.5 
6.5 Imperial Valley P0161 0.775 45.9 14.89 230 2.5 
6.5 Imperial Valley P0180 0.602 54.3 32.32 140 3.8 
6.5 Imperial Valley P0180 0.454 49.1 35.59 230 3.8 
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Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº 
Closest distance 
to fault (km) 
6.5 Imperial Valley P0171 0.213 37.5 15.98 2 7.6 
6.5 Imperial Valley P0171 0.235 68.8 39.35 92 7.6 
6.5 Imperial Valley P0185 0.352 71.2 45.8 270 5.3 
6.5 Imperial Valley P0185 0.48 40.8 14.04 360 5.3 
6.5 Imperial Valley P0162 0.16 35.9 22.44 225 8.5 
6.5 Imperial Valley P0162 0.22 38.9 13.46 315 8.5 
6.5 Imperial Valley P0175 0.266 46.8 18.92 140 9.3 
6.5 Imperial Valley P0175 0.221 39.9 23.31 230 9.3 
6.5 Imperial Valley P0181 0.171 47.5 31.1 50 8.6 
6.5 Imperial Valley P0181 0.224 41 19.38 320 8.6 
6.5 Imperial Valley P0186 0.221 49.8 31.96 315 7.5 
6.5 Imperial Valley P0163 0.275 21.2 9.02 225 10.6 
6.5 Imperial Valley P0163 0.202 16 9.2 315 10.6 
6.5 Imperial Valley P0182 0.364 34.5 16.07 140 12.6 
6.5 Imperial Valley P0182 0.38 42.1 18.59 230 12.6 
6.5 Imperial Valley P0188 0.111 17.8 12.35 225 14.2 
6.5 Imperial Valley P0188 0.204 16.1 9.94 315 14.2 
6.5 Imperial Valley P0192 0.122 6.4 2.09 75 54.1 
6.5 Imperial Valley P0192 0.167 8.3 1.05 345 54.1 
7.4 Kern County P0013 0.042 7.5 4.79 90 120.5 
7.4 Kern County P0013 0.058 6.2 1.86 180 120.5 
7.4 Kocaeli P1096 0.312 58.8 44.11 180 12.7 
7.4 Kocaeli P1096 0.358 46.4 17.61 270 12.7 
7.4 Kocaeli P1095 0.179 18.4 18.25 0 76.1 
7.4 Kocaeli P1095 0.133 9.5 6.89 90 76.1 
7.4 Kocaeli P1101 0.09 24.8 29.4 0 69.3 
7.4 Kocaeli P1101 0.083 17.7 16.55 90 69.3 
7.4 Kocaeli P1098 0.187 18.5 17.05 0 64.5 
7.4 Kocaeli P1098 0.159 14.9 17.05 90 64.5 
7.4 Kocaeli P1093 0.103 19.8 17.95 0 62.7 
7.4 Kocaeli P1093 0.108 22.3 10.68 90 62.7 
7.4 Kocaeli P1091 0.103 10.3 3.95 0 136.3 
7.4 Kocaeli P1091 0.089 11.5 15.15 90 136.3 
7.4 Kocaeli P1104 0.098 16 7.73 180 31.8 
7.4 Kocaeli P1104 0.136 28.8 17.44 90 31.8 
7.3 Landers P0873 0.721 97.6 70.31 275 1.1 
7.3 Landers P0873 0.785 31.9 16.42 0 1.1 
7.3 Landers P0818 0.136 11 4.97 0 24.2 
7.3 Landers P0818 0.134 14.5 5.57 90 24.2 
7.1 Loma Prieta P0733 0.411 31.6 6.38 0 11.2 
7.1 Loma Prieta P0733 0.473 33.9 8.03 90 11.2 
7.1 Loma Prieta P0745 0.644 55.2 10.88 0 5.1 
 132
Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº
Closest distance  
to fault (km) 
7.1 Loma Prieta P0745 0.479 45.2 11.37 90 5.1 
7.1 Loma Prieta P0764 0.357 28.6 6.35 67 11.6 
7.1 Loma Prieta P0764 0.325 22.3 4.59 337 11.6 
7.1 Loma Prieta P0744 0.529 36.5 9.11 0 14.5 
7.1 Loma Prieta P0744 0.443 29.3 5.5 90 14.5 
7.1 Loma Prieta P0735 0.367 32.9 7.15 0 12.7 
7.1 Loma Prieta P0735 0.322 39.1 12.07 90 12.7 
7.1 Loma Prieta P0736 0.555 35.7 8.21 0 14.4 
7.1 Loma Prieta P0736 0.367 44.7 19.25 90 14.4 
7.1 Loma Prieta P0779 0.512 41.2 16.21 0 13 
7.1 Loma Prieta P0779 0.324 42.6 27.53 90 13 
7.1 Loma Prieta P0780 0.332 61.5 36.4 270 13.7 
7.1 Loma Prieta P0734 0.151 16.2 7.37 195 21.8 
7.1 Loma Prieta P0734 0.484 39.7 15.17 285 21.8 
7.1 Loma Prieta P0755 0.156 16.1 7.75 0 47.7 
7.1 Loma Prieta P0755 0.088 15.7 8.41 90 47.7 
7.1 Loma Prieta P0756 0.113 15.6 5.78 137 46.9 
7.1 Loma Prieta P0756 0.104 18.1 8.11 227 46.9 
7.1 Loma Prieta P0757 0.103 13.9 8.55 0 47.8 
7.1 Loma Prieta P0757 0.088 24 7.35 90 47.8 
7.1 Loma Prieta P0775 0.084 8.2 2.94 45 78.3 
7.1 Loma Prieta P0775 0.071 9.1 3.35 315 78.3 
7.1 Loma Prieta P0784 0.099 12.9 4.32 0 83.1 
7.1 Loma Prieta P0784 0.2 32.4 5.86 90 83.1 
7.1 Loma Prieta P0785 0.078 6.7 2.58 0 79.1 
7.1 Loma Prieta P0785 0.092 10.4 3.91 90 79.1 
7.1 Loma Prieta P0774 0.194 37.5 9.96 270 36.3 
7.1 Loma Prieta P0774 0.278 29.3 9.72 360 36.3 
7.1 Loma Prieta P0776 0.071 11.4 3.98 207 88.6 
7.1 Loma Prieta P0776 0.072 12.9 3.93 297 88.6 
7.1 Loma Prieta P0787 0.056 7.1 5.18 115 68.2 
7.1 Loma Prieta P0787 0.105 8.8 4.59 205 68.2 
7.1 Loma Prieta P0794 0.029 4.2 1.45 0 80.6 
7.1 Loma Prieta P0794 0.068 13.4 3.26 90 80.6 
7.1 Loma Prieta P0750 0.073 10.5 6.4 261 34.7 
7.1 Loma Prieta P0750 0.067 9.6 6.42 351 34.7 
7.1 Loma Prieta P0740 0.124 11.5 5.43 0 43 
7.1 Loma Prieta P0740 0.106 8.8 4.36 90 43 
7.1 Loma Prieta P0746 0.226 16.4 2.52 0 24.2 
7.1 Loma Prieta P0746 0.323 16.6 3.26 90 24.2 
7.1 Loma Prieta P0763 0.192 12.7 5.5 90 43.4 
7.1 Loma Prieta P0763 0.141 12.9 8.37 180 43.4 
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Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº 
Closest distance 
to fault (km) 
7.1 Loma Prieta P0793 0.08 13.7 8.47 0 39.9 
7.1 Loma Prieta P0793 0.082 16.7 8.89 90 39.9 
7.1 Loma Prieta P0739 0.134 15.4 3.3 0 31.6 
7.1 Loma Prieta P0739 0.103 13.5 5.46 90 31.6 
7.1 Loma Prieta P0778 0.091 10.7 8.56 160 32.6 
7.1 Loma Prieta P0778 0.112 15.7 7.87 250 32.6 
7.1 Loma Prieta P0789 0.207 37.3 19.11 270 28.8 
7.1 Loma Prieta P0789 0.209 36 16.9 360 28.8 
7.1 Loma Prieta P0747 0.269 43.9 18.48 165 25.8 
7.1 Loma Prieta P0747 0.279 35.6 13.05 255 25.8 
7.1 Loma Prieta P0753 0.274 53.6 12.68 43 47.9 
7.1 Loma Prieta P0753 0.22 34.3 6.87 133 47.9 
7.1 Loma Prieta P0761 0.16 13 6.11 195 22.3 
7.1 Loma Prieta P0761 0.179 22.6 13.2 285 22.3 
7.1 Loma Prieta P0767 0.159 15.1 3.72 220 58.9 
7.1 Loma Prieta P0767 0.156 10.6 3.33 310 58.9 
7.1 Loma Prieta P0769 0.371 62.4 30.28 0 28.8 
7.1 Loma Prieta P0769 0.177 29.1 18.13 90 28.8 
7.1 Loma Prieta P0777 0.124 17.3 2.59 190 93.1 
7.1 Loma Prieta P0777 0.106 14.2 3.91 280 93.1 
7.1 Loma Prieta P0742 0.172 26 12.64 0 28.2 
7.1 Loma Prieta P0742 0.159 17.6 9.75 90 28.2 
7.1 Loma Prieta P0743 0.244 20.3 7.73 270 21.4 
7.1 Loma Prieta P0743 0.24 18.4 6.73 360 21.4 
7.1 Loma Prieta P0748 0.236 25.5 4.2 0 64.4 
7.1 Loma Prieta P0748 0.329 27.9 6.03 90 64.4 
7.1 Loma Prieta P0754 0.171 13.7 3.89 0 57.4 
7.1 Loma Prieta P0754 0.139 11.5 5.65 90 57.4 
6.2 Morgan Hill P0449 0.711 51.6 12 195 0.1 
6.2 Morgan Hill P0449 1.298 80.8 9.63 285 0.1 
6.2 Morgan Hill P0453 0.222 11.4 2.45 0 11.8 
6.2 Morgan Hill P0453 0.292 36.7 6.12 90 11.8 
6.2 Morgan Hill P0463 0.19 7.4 2.06 0 14 
6.2 Morgan Hill P0463 0.113 6 1.79 90 14 
6.2 Morgan Hill P0454 0.156 12.5 1.84 150 3.4 
6.2 Morgan Hill P0454 0.312 39.4 7.66 240 3.4 
6.2 Morgan Hill P0458 0.423 25.3 4.58 250 2.6 
6.2 Morgan Hill P0458 0.289 27.6 6.33 340 2.6 
6.2 Morgan Hill P0451 0.194 11.2 2.41 0 14.6 
6.2 Morgan Hill P0451 0.2 12.7 3.45 90 14.6 
6.2 Morgan Hill P0452 0.224 19.3 4.33 270 12.8 
6.2 Morgan Hill P0452 0.348 17.4 3.11 360 12.8 
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Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº
Closest distance  
to fault (km) 
6 N Palm Springs P0541 0.492 34.7 6.38 180 7.3 
6 N Palm Springs P0541 0.612 31.5 4.58 270 7.3 
6 N Palm Springs P0530 0.594 73.3 11.46 210 8.2 
6 N Palm Springs P0530 0.694 33.8 3.88 300 8.2 
6 N Palm Springs P0519 0.331 29.5 5.69 0 8 
6 N Palm Springs P0519 0.271 15.7 3.61 90 8 
6 N Palm Springs P0538 0.139 3.9 0.55 0 25.8 
6 N Palm Springs P0538 0.113 4 0.8 90 25.8 
6 N Palm Springs P0543 0.106 3.8 0.69 0 46.8 
6 N Palm Springs P0543 0.11 4.3 0.64 90 46.8 
6.8 Nahanni Cana P0496 0.978 46 9.67 10 6 
6.8 Nahanni Cana P0496 1.096 46.1 14.58 280 6 
6.8 Nahanni Cana P0497 0.489 29.3 7.61 240 8 
6.8 Nahanni Cana P0497 0.323 33.1 6.54 330 8 
6 Palm Springs P0528 0.218 31.4 8.51 45 10.1 
6 Palm Springs P0528 0.205 40.9 14.96 135 10.1 
6.1 Parkfield P0033 0.059 5.8 2.56 50 14.7 
6.1 Parkfield P0033 0.063 6.8 3.55 320 14.7 
6.6 San Fernando P0095 0.1 9.3 5.79 143 45.1 
6.6 San Fernando P0095 0.107 9.7 5.04 233 45.1 
6.7 Superstitn Hil P0725 0.358 46.4 17.5 0 13.9 
6.7 Superstitn Hil P0725 0.258 40.9 20.2 90 13.9 
6.7 Superstitn Hil P0730 0.172 23.5 13 90 13.3 
6.7 Superstitn Hil P0730 0.211 31 20.3 180 13.3 
6.3 Superstitn Hil P0719 0.132 12.7 7.3 90 24.7 
6.3 Superstitn Hil P0719 0.134 13.4 5.2 360 24.7 
6.7 Superstitn Hil P0722 0.181 29.9 19.9 90 24.4 
6.7 Superstitn Hil P0722 0.207 34.5 21 360 24.4 
6.3 Taiwan Smart P0311 0.111 5.6 0.86 EW 21 
6.3 Taiwan Smart P0311 0.109 10.9 1.74 NS 21 
7.2 Trinidad P0282 0.061 7 7.03 EW 39 
7.2 Trinidad P0282 0.147 8.5 8.48 NS 39 
6 Whittier Narrows P0624 0.384 15.8 2.49 60 12.1 
6 Whittier Narrows P0624 0.457 19 4.31 330 12.1 
6 Whittier Narrows P0707 0.229 17.8 2.62 62 12.3 
6 Whittier Narrows P0707 0.316 12 1.36 152 12.3 
6 Whittier Narrows P0595 0.333 22 2.42 180 13.2 
6 Whittier Narrows P0595 0.414 16.3 2.32 270 13.2 
6 Whittier Narrows P0642 0.45 16.1 2.18 270 13.9 
6 Whittier Narrows P0642 0.4 22.9 2.53 360 13.9 
6 Whittier Narrows P0692 0.128 5.6 0.58 270 14.7 
6 Whittier Narrows P0692 0.204 12.8 2.6 360 14.7 
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Table B.1: The properties of 260 earthquake records (continued) 
M Name ID PGA (g) 
PGV 
(cm/s) 
PGD 
(cm) componentº 
Closest distance 
to fault (km) 
6 Whittier Narrows P0666 0.123 3.3 0.37 0 21.2 
6 Whittier Narrows P0666 0.186 4.6 0.21 90 21.2 
6 Whittier Narrows P0606 0.118 6.2 0.6 40 23.3 
6 Whittier Narrows P0606 0.149 10.2 0.82 130 23.3 
6 Whittier Narrows P0631 0.142 8.7 1.4 0 27 
6 Whittier Narrows P0631 0.159 8 0.72 90 27 
6 Whittier Narrows P0542 0.221 9 1.43 0 25.2 
6 Whittier Narrows P0542 0.124 6.9 1.12 90 25.2 
6 Whittier Narrows P0605 0.163 6.2 0.36 40 23.3 
6 Whittier Narrows P0605 0.313 14.5 0.77 130 23.3 
6 Whittier Narrows P0629 0.299 8.9 0.78 0 25.2 
6 Whittier Narrows P0629 0.247 18.1 1.92 90 25.2 
6 Whittier Narrows P0656 0.159 16.9 2.9 0 26 
6 Whittier Narrows P0656 0.194 17.2 2.21 90 26 
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Figure C.1 : The correlation coefficients of PGA and PGV with peak displacement demand according to soil profiles.
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Figure C.2 : The correlation coefficients of PGD and MIV with peak displacement demand according to soil profiles
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Figure C.3 : The correlation coefficients of EPA and EPV with peak displacement demand according to soil profiles.
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Figure C.4 : The correlation coefficients of AI and A95 with peak displacement demand according to soil profiles.
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Figure C.5 : The correlation coefficients of Sa and PGA/PGV with peak displacement demand according to soil profiles.
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Figure C.6 : The correlation coefficients of total and effective duration with peak displacement demand according to soil profiles
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Figure C.7 : The correlation coefficients of RMSA and SPGA with peak displacement demand according to soil profiles.
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Figure C.8 : The correlation coefficients of MID and ID with peak displacement demand according to soil profiles.
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Figure C.9 : The correlation coefficients of PD and Trifunac duration with peak displacement demand according to soil profiles.
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Figure C.10 : The correlation coefficients of CAV and CAV5 with peak displacement demand according to soil profiles
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Figure C.11 : The correlation coefficients of bracketed durations with peak displacement demand according to soil  profile. 
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Figure D.1 : The mean value of xine/xel ratios for Rf=6 and Kb/Kf=3 according to soil profiles.
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Figure D.2 : The mean value of xine/xel ratios for Rf=6 and Kb/Kf=6 according to soil profiles.
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Figure D.3 : The mean value of xine/xel ratios for Rf=6 and Kb/Kf=9 according to soil profiles.
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Figure D.4 : The mean value of xine/xel ratios for Rf=6 and Kb/Kf=12 according to soil profiles
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Figure D.5 : The mean value of xine/xel ratios for Rf=8 and Kb/Kf=3 according to soil profiles.
Near field-Stiff soil profile Rf=8 Kb/Kf=3
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
0 0.1 0.2 0.3 0.4 0.5Te
I
n
e
l
a
s
t
i
c
 
d
i
s
p
l
a
c
e
m
e
n
t
 
r
a
t
i
o
Rd=20
Rd=10
Rd=6.7
Rd=5
Rd=4
Far field-Stiff soil profile Rf=8 Kb/Kf=3
0
1
2
3
4
5
6
0 0.1 0.2 0.3 0.4 0.5Te
I
n
e
l
a
s
t
i
c
 
d
i
s
p
l
a
c
e
m
e
n
t
 
r
a
t
i
o
Near field-Soft soil profile Rf=8 Kb/Kf=3
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
0 0.1 0.2 0.3 0.4 0.5Te
I
n
e
l
a
s
t
i
c
 
d
i
s
p
l
a
c
e
m
e
n
t
 
r
a
t
i
o
Far field-Soft soil profile Rf=8 Kb/Kf=3
0
1
2
3
4
5
6
0 0.1 0.2 0.3 0.4 0.5Te
I
n
e
l
a
s
t
i
c
 
d
i
s
p
l
a
c
e
m
e
n
t
 
r
a
t
i
o
 
 
 
 
 
 
 
 
(
x
i
n
e
/
x
e
l
)
m
e
a
n
 
 
 
 
 
 
 
 
 
(
x
i
n
e
/
x
e
l
)
m
e
a
n
 
 
 
 
 
 
 
 
 
(
x
i
n
e
/
x
e
l
)
m
e
a
n
 
 
 
 
 
 
 
 
 
(
x
i
n
e
/
x
e
l
)
m
e
a
n
 
Te(s) 
Te(s) Te(s) 
Te(s) 
Near field-Stiff soil profile Rf=8 Kb/Kf=3 Near field-Soft soil profile Rf=8 Kb/Kf=3 
Far field-Stiff soil profile Rf=8 Kb/Kf=3 Far field-Soft soil profile Rf=8 Kb/Kf=3 
d=
=
d=
d=
d=
 154
 
Figure D.6 : The mean value of xine/xel ratios for Rf=8 and Kb/Kf=6 according to soil profiles
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Figure D.7 : The mean value of xine/xel ratios for Rf=8 and Kb/Kf=9 according to soil profiles.
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Figure D.8 : The mean value of xine/xel ratios for Rf=8 and Kb/Kf=12 according to soil profiles.
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Figure D.9 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for scaled far fault  at stiff soil profile..
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Figure D.10 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for scaled far fault  at soft soil profile.
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Figure D.11 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for scaled near fault  at stiff soil profile.
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Figure D.12 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for scaled near fault  at soft soil profile.
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Figure D.13 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for unscaled near fault  at stiff soil profile.
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Figure D.14 : NDP/NSP(FEMA356) and NDP/NSP(FEMA440) for unscaled near fault  at soft soil profile. 
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APPENDIX E 
 
Figure E.1 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.1s-0.3s, Rf=6 
and stiff soil profiles. 
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Figure E.2 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.4s-0.6s, Rf=6 
and stiff soil profiles. 
Tf=0.4s 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
M
ax
(B
as
e 
Sh
ea
r)
/W
Tf=0.4s 
0
0.5
1
1.5
2
2.5
3
3.5
4
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
A
ve
ra
ge
 (x
in
e )
/x
y
3
6
9
12
LIMIT
Tf=0.5s 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
M
ax
(B
as
e 
Sh
ea
r)
/W
Tf=0.5s 
0
0.5
1
1.5
2
2.5
3
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
A
ve
ra
ge
 (x
in
e )
/x
y
3
6
9
12
LIMIT
Tf=0.6s 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
M
ax
(B
as
e 
Sh
ea
r)
/W
Tf=0.6s
0
0.5
1
1.5
2
2.5
0 0.1 0.2 0.3 0.4 0.5 0.6
xs/xy
A
ve
ra
ge
 (x
in
e )
/x
y
3
6
9
12
LIMIT
Kb/Kf 
Kb/Kf 
Kb/Kf 
Tf=0. s Tf=0.
Tf=0. s Tf=0.
Tf=0. s Tf=0.6s 
M
ax
 (B
as
e 
Sh
ea
r)
/W
 
M
ax
 (B
as
e 
Sh
ea
r)
/W
 
M
ax
 (B
as
e 
Sh
ea
r)
/W
 
   
A
ve
ra
ge
 (x
in
e)/
x y
 
   
A
ve
ra
ge
 (x
in
e)/
x y
 
   
A
ve
ra
ge
 (x
in
e)/
x y
 
Limit 
3 
6 
9 
12 
Limit 
3 
6 
9 
12 
Limit 
3 
6 
9 
12 
xs/xy xs/x  
xs/xy xs/x  
xs/xy xs/ y 
 165
 
Figure E.3 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.7s-0.9s, Rf=6 
and stiff soil profiles. 
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Figure E.4 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.1s-0.3s, Rf=6 
and soft soil profiles. 
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Figure E.5 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.4s-0.6s, Rf=6 
and soft soil profiles. 
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Figure E.6 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.7s-0.9s, Rf=6 
and soft soil profiles. 
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Figure E.7 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.1s-0.3s, Rf=8 
and stiff soil profiles. 
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Figure E.8 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.4s-0.6s, Rf=8 
and stiff soil profiles. 
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Figure E.9 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.7s-0.9s, Rf=8 
and stiff soil profiles. 
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Figure E.10 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.1s-0.3s, 
Rf=8 and soft soil profiles. 
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Figure E.11 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.4s-0.6s, 
Rf=8 and soft soil profiles. 
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Figure E.12 : Max(Base Shear)/W and  Average(xine/xy) for Tf=0.7s-0.9s, 
Rf=8 and soft soil profiles. 
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